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Abstract 
 
   Trace fossil assemblages, which recorded the diversity of benthic animals in ancient 
deposits, are often used as a paleoenvironmental indicator. Especially, it is considered 
that the variations of organic matter input largely influence to the diversity of the 
benthic communities. Thus, it is expected that the diversity of trace fossil assemblages 
(ichnodiversity) are also controlled by conditions of organic matter inputs. However, 
their relationships have not been investigated. In addition, although observed numbers 
of ichnotaxa commonly depend on the exposed area of unweathered outcrops or 
bedding planes, ichnodiversity have been simply exhibited as numbers of ichnotaxa. It 
is necessary to construct a method to evaluate the ichnodiversity without any 
dependence on exposed area. In this study, a statistical method to correct this bias by 
field data and resampling process is proposed. Ichnodiversity should be exhibited as 
expected numbers of ichnogenera per any value of the area. It is simply represented as 
following: 
𝐸𝐸(𝑥) = �𝑖𝑝𝑖(𝑥)𝑛
𝑖=1
 
where EI(x) is the expected number of ichnogenera when x cm2 of the area was 
observed; 𝑝𝑖(𝑥) is the possibility that i ichnogenera occurred from the bed. 𝑝𝑖(𝑥) are 
determined by occurrence possibilities of each ichnogenus (𝑂𝑂(𝑥)) which are estimated 
on the basis of resampling process. 
   Furthermore, relationships between the ichnodiversity represented as EI(10000) and 
total organic carbon (TOC) and total nitrogen (TN) contents were examined. Both of the 
Upper Cretaceous Bandodani Formation in the Izumi Group and the Oligocene Izaki 
olistolith in the Nichinan Group represent depositions in submarine leveed channel 
systems. The trace fossil assemblage in the Izaki is more diverse than that in the 
Bandodani. In contrast, the trace fossil assemblage in the Bandodani implies dominance 
of large-sized, deposit-feeding benthic animals on ancient sea floor of the Bandodani. 
C/N ratios suggest that abundant terrigenous organic matters were supplied to the sea 
floor of the Bandodani, and, in contrast, organic matters in the Izaki were mainly 
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primary production origin. Consequently, it is considered that the higher values of TOC 
contents are marked in the Bandodani. Abundant organic matters on the sea floor were 
available as foods for large-sized deposit-feeding benthos. However, they sometimes 
deplete dissolved oxygen in bottom water or product chemical contaminants, and then 
affect the benthos as stressors. Such deteriorations of sea floor conditions probably 
control the diversity of trace fossil producers in deep sea. 
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1. Introduction 
 
   The diversity of the benthic marine organisms has been strongly controlled by 
environmental conditions in their habitats. It is influenced by supply rates of siliciclastic 
particles, frequencies of physical disturbances, organic matter input, and temperature 
and salinity of the bottom water (Connell, 1978; Pearson and Rosenberg, 1978; Gage 
and Tyler, 1991; Lambshead et al., 2001). Particularly, organic matter inputs to recent 
sea floor affect the diversity of marine benthos (e.g. Hyland et al., 2005). Benthic 
communities are diversified associated with increasing of organic matter input in 
oligotrophic condition; in contrast, an oversupply of organic matters causes reduction of 
benthic diversity (Pearson and Rosenberg, 1978). In the past, it also suggests that 
changes in organic matter inputs and their contents in sediments may be one of the 
important factors to control diversity or composition of trace fossil assemblages and 
relationships between the degree of organic matter inputs and trace fossil diversity 
should be investigated (Wetzel and Uchman, 1998). 
   The ichnodiversity (diversity of trace fossil assemblages) is simply exhibited as 
numbers of ichnotaxa observed in sections, intervals, outcrops, or beds (Buatois and 
Gabriela Mángano, 2013). However, numbers of ichnotaxa are affected by not only 
environmental factors but also other factors such as diagenesis and the exposing extent 
of outcrops bearing trace fossils (Orr, 2001). Therefore, previous estimates of 
ichnodiversity based only on numbers of ichnotaxa are problematic, and a new method 
to correct the bias of the outcrop exposure must be required. 
   This study investigates ichnodiversity and organic matter inputs based on detailed 
field survey and measurements of total organic carbon (TOC) and total nitrogen (TN) of 
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the Upper Cretaceous Bandodani Formation in the Izumi Group and the Oligocene Izaki 
olistolith in the Nichinan Group, respectively. In order to clarify diversity of past marine 
benthic organisms, this study proposes a new method to evaluate ichnodiversity without 
any dependence on exposed area of outcrops. The method is applied to trace fossil 
assemblages of the Bandodani Formation and the Izaki olistolith, and then the 
difference of estimated ichnodiversity in both areas will be explained based on the 
sedimentological and geochemical analysis. 
 
2. Geological setting 
 
2.1. Izumi Group 
 
2.1.1. Stratigraphy of the Izumi Group 
   The Upper Cretaceous Izumi Group is distributed on the northern area along the 
Median Tectonic Line (MTL) of Shikoku Island to Kii Peninsula (Fig. 1). It 
unconformably overlies the Ryoke Belt on the north and is adjacent to the Sambagawa 
Belt on the south along the MTL (Ichikawa et al., 1979; Yamasaki, 1986). The 
sedimentary basin of the Izumi is a pull-apart basin formed by strike-slip movements 
along the MTL during Late Cretaceous (Miyata, 1990a, b). The basin extended eastward 
associated with the movements of MTL, and then active sedimentary system shifted 
stepwise to the east part of the basin (Ichkawa et al., 1981; Tanaka, 1989). On the basis 
of their lithology, the Izumi Group is subdivided into following three parts; main part, 
northern marginal part and southern part (Ichikawa et al., 1979; Yamasaki, 1986; Noda 
et al., 2010; Fig. 2). Main part is mainly composed of alternating beds of turbidite 
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sandstones and turbidite and/or hemipelagic mudstones, and interpreted as sediments of 
submarine fan systems (Tanaka, 1989). In contrast, northern marginal part consists of 
basal conglomeratic facies and mudstone-dominated facies, which are indicative of fan 
delta or outer shelf environments (Morozumi, 1985; Tanaka and Maejima, 1995). 
 
2.1.2. The Bandodani Formation 
 
2.1.2.1. Lithology, thickness, and distribution 
   The main part of the Izumi Group distributed in the eastern part of Shikoku is 
subdivided into four lithological units on the basis of large-scaled sedimentary cycles 
(Yamasaki, 1986). The Bandodani Formation, which consists mainly of 
sandstone-dominated alternating beds of sandstones and mudstones (Yamasaki, 1986; 
Kikuchi and Kotake, 2013), crops out in the study area between the Bandodani River in 
Oasa-cho and coastline at Muya-cho (Fig. 1). The Bandodani is at least 6,000 m thick 
(Yamasaki, 1986). Fine- to very coarse-grained, 40 – 80 cm thick sandstone beds are 
dominated in this interval. Normal grading is common in the sandstone beds. In some 
cases, parallel laminations are observed at the top of them. Sole marks such as flute 
casts, groove casts and/or load casts are observable. Most of the mudstone beds are 
composed of massive, structureless black mudstones. However, parallel laminations are 
preserved in some mudstone beds. In addition, 0.5 – 2.0 m thicked pebbly sandstone 
beds and conglomerate beds are interbedded in these lithofacies.  
   The upper interval of the Bandodani, approximately 3,000 m thick, is distributed in 
Shimada-jima Island, Oge-jima Island and Takashima Island (Fig. 1). Apparent 
thickness of the Bandodani distributed in the Shimada-jima Island amounts to 2,000 m. 
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However, a certain thickness is approximately 1,500 m because the Bandodani in this 
area repeatedly crops out due to the displacement of the NE – SW striked, westward 
dipped normal fault (the Shimada-jima Fault; Kikuchi and Kotake, 2013) in the central 
area of the island. The Bandodani distributed in the west side area of the Shimada-jima 
Fault is composed of sandstone-dominated, mudstone-dominated and equivalent 
alternations of sandstones and mudstones, and a few pebbly sandstone beds (Figs. 3, 4). 
The equivalent alternations are dominant in this area. On the other hand, in the east side 
area, the sandstone-dominated alternations and the equivalent alternations are repeatedly 
distributed at approximately 80 m thick intervals, associated with a number of pebbly 
sandstone beds. The flute casts and groove casts observed on the bottom of the 
sandstone beds indicate the dominance of northwestward paleocurrent directions in west 
side area, but southwestward in east side area (Fig. 5). 
   The uppermost interval of the Bandodani, approximately 1,500 m thick, crops out in 
the Oge-jima and Takashima Islands. The sandstone-dominated and 
mudstone-dominated alternations are distributed at 10 – 100 m thick intervals. A 
number of pebbly sandstone beds are interbedded with them. The flute casts observed in 
the Oge-jima Island indicate southwestward paleocurrent directions in the eastern part 
of the island and northwestward in the western part (Fig. 5). 
 
2.1.2.2. Geological structure 
   The Bandodani in the Shimada-jima Island and the northern part of the Oge-jima 
and the Takashima Islands represent homoclinal structure. The strikes and dips are 
N40°E – N60°E and 30°S – 80°S respectively. On the other hand, those in the southern 
part of the Oge-jima Island are N6°W – N34°W and 20°N – 58°N. The gradual change 
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of the strikes in the northern to southern part of the Oge-jima Island suggests that there 
is an eastward plunging, E – W trending syncline at the Mt. Mitsuishi (Fig. 3). 
Considering lateral discontinuity of the strikes and lithology, NW – SE trending faults 
are inferred in the Shimada-jima and Oge-jima Islands. 
 
2.1.2.3. Fossils and age 
   Depositional age of the Bandodani is estimated from the viewpoints of 
biostratigraphy and paleomagnetic stratigraphy. The late Campanian ammonoids 
Didymoceras awajiense and Pravitoceras sigmoidale occur from the Bandodani 
(Matsumoto et al., 1981). This fact indicates that the Bandodani is compared with the 
late Campanian ammonoid fossil zones, D. awajiense and P. sigmoidale zones 
(Morozumi, 1985). The occurrence of P. sigmoidale (Fig. 6) and absence of D. 
awajiense in study area suggest that the Bandodani in the study area is the late 
Campanian deposits compared to P. sigmoidale zone. Furthermore, radiolarian fossil 
assemblages indicate a late Campanian to early Maastrichtian age (Yamasaki, 1987). 
Kodama (1990) interpreted the Bandodani as deposits during normal polarity subchron 
32.2 in chron 32 on the basis of paleomagnetic investigation in the Higaidani (the lower 
stratigraphic unit of the Bandodani; Yamasaki, 1986), the Seidan and the Anaga 
Formations (the heterotopic facies or upper stratigraphic unit of the Bandodani; 
Morozumi, 1985). 
   Trace fossil assemblage occurred from the Bandodani in study area consists of 8 
ichnogenera (Table 1; Fig. 7; Appendix 1). Ophiomorpha rudis occurs from sandstone 
beds through the study interval (Fig. 7). Scolicia and Zoophycos are occasionally found 
in the sandstone. Planolites and Phycosiphon incertum are rarely observed in the 
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mudstone. The occurrence of Archaeozostera is restricted in the sandstone of the 
lowermost interval of the Bandodani distributed in the Shimada-jima Island (Kikuchi 
and Kotake, 2013; Figs.7, 8). 
 
2.2. Nichinan Group 
 
2.2.1. Stratigraphy of the Nichinan Group 
   The Oligocene to lower Miocene Nichinan Group (Kuroda and Matsumoto, 1942) is 
distributed in the Nichinan coast area, the southern part of Kyushu (Fig. 9). The group is 
adjacent to the Eocene to Oligocene Hyuga Group along the N – S trending, westward 
dipping thrusts in the west side of distribution area and is unconformably overlain by 
the upper Miocene to lower Pliocene Miyazaki Group in east side (T. Sakai et al., 1987; 
H. Sakai, 1988a). The Nichinan Group is composed of various sized coherent blocks 
and intensely deformed beds (Kanmera and Sasaki, 1977; T. Sakai et al., 1987; H. Sakai, 
1988a, b). On the basis of the stratigraphy, geological structure and fossils occurred 
from the intensely deformed beds in the Toi-misaki, southern part of Miyazaki 
Prefecture, Kanmera and Sasaki (1977) argued that the Nichinan Group in this area is 
the deposits originated in a huge submarine landslide, which called olistostorome. H. 
Sakai (1988a-c), who investigated the “Misaki Olistostrome Belt” (Kanmera, 1977; H. 
Sakai, 1988c), explained that the collapse of the slope was triggered by the gravitational 
instability due to the subduction of the Philippine Sea Plate that initiated in 21 – 17 Ma. 
He also mentioned that the Nichinan Group consists of following three types of 
deposits: (1) the middle Eocene to lower Oligocene (40 – 30 Ma) accretionary deposits 
and forearc basin-fill deposits, (2) the upper Oligocene to lowermost Miocene (30 – 22 
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Ma) deposits filled in the Shikoku Basin, and (3) the deep sea deposits when the slope 
collapse and landslide caused. The coherent blocks of (1) and (2) and deformed deposits 
of (3) are called olistolith and matrix, respectively. 
 
2.2.2. The Izaki olistolith 
 
2.2.2.1. Lithology, thickness, and distribution 
   The Izaki olistolith (T. Sakai et al., 1987) is distributed in the Izaki-bana, Nichinan 
City (Fig. 9). It is composed of the alternating beds of turbidite sandstone, turbidite 
mudstone and hemipelagic mudstone (Akazaki et al., 2014) (Fig. 10). The lower part of 
the Izaki olistolith is the mudstone-dominated alternation overlain by 
sandstone-dominated alternation. The uppermost part is intensely deformed 
mudstone-dominated alternation (Fig. 11). In this study, they are named units A, B and 
C, respectively (Figs. 12 — 25) 
 
2.2.2.1.1. Unit A 
Unit A is the lowermost part of the Izaki olistolith. This unit represents 
mudstone-dominated alternating beds of thin-bedded sandstone and thick bedded 
mudstone (Figs. 10, 12). The dominant grain size and thickness of the sandstone beds in 
unit A are very fine to fine and 1 – 10 cm respectively. Relatively thick bedded 
sandstone, approximately 1.0 – 2.5 m thick, are sometimes intercalated (Fig. 10). The 
parallel laminations, convolute laminations, current ripple laminations and climbing 
ripple laminations are observable in the sandstone beds. In addition, dish structures and 
flute casts are recognizable in thick bedded sandstones. The flute casts indicate 
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southwestward paleocurrent directions (Fig. 26). On the other hand, black to dark gray, 
parallel laminated mudstone beds are dominant in unit A. The thickness of the mudstone 
beds is 10 – 60 cm. Two thin bedded vitric tuff beds are intercalated in them (Figs.10, 
12). They are 1 – 5 cm thick. The total thickness of unit A is approximately 25 m. 
 
2.2.2.1.2. Unit B 
   Unit B is the middle part of the Izaki olistolith. It is composed of 
sandstone-dominated alternating beds of sandstone and mudstone (Figs. 10, 12). The 
grain size of the sandstone beds in this unit ranges very fine to medium although 
fine-grained sandstones are dominant. The thickness of the sandstone beds is 1.5 – 2.0 
m in the lower part of this unit, but 5 – 30 cm in the upper part. Thus, an 
upward-thinning succession is recognizable in this unit (Figs. 10, 12). The parallel 
laminations, convolute laminations, current ripple laminations and climbing ripple 
laminations are clearly observed in the sandstone beds. The flute casts and load casts are 
also observable on the bottom of thick-bedded sandstones in the lower part. These flute 
casts indicate southwestward paleocurrent directions (Fig. 26). The thin-bedded (less 
than 10 cm thick) mudstones, which are characterized by monotonous lithology without 
any sedimentary structures of hydraulic origin, are intercalated in sandstone beds. The 
total thickness of unit B is approximately 20 m. 
 
2.2.2.1.3. Unit C 
   Unit C is the upper part of the Izaki olistolith. It is composed of 
mudstone-dominated alternating beds of sandstone and mudstone. The 
mudstone-dominated alternations are intensely deformed by small faults and folds (Fig. 
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10). Sandstone beds in this unit consist of thin-bedded (2 – 10 cm), very fine- to 
fine-grained sandstones. The parallel laminations, convolute laminations, and current 
ripple laminations are observable in the sandstone beds. Black to dark gray, parallel 
laminated mudstone beds are dominant in unit C. Thickness of the mudstone beds 
ranges 5 – 90 cm. Although the apparent thickness of unit C amounts to 130 m, it is 
difficult to estimate accurate thickness because of the deformation of this unit. However, 
on the basis of direct measurement of the coherent part, the total thickness of unit C is at 
least 25 m. 
 
2.2.2.2. Geological structure 
   The strikes of units A and B cropping out along the coastline of the Izaki-bana range 
N54°W – N66°E in the northern part, N8°E – N20°E in the eastern part and N86°W – 
86°E in the southern part (Fig. 11). The dips of them trend southeastward to 
southwestward in the northern part, westward in the eastern part and northward to 
north-northwestward in the southern part, at the angles of 10° – 40° (Fig. 11). The two 
thin-bedded vitric tuff beds intercalated in unit A and the lithological boundary between 
units A and B are cropping out at the eastern and northern coastline. Therefore they can 
be correlated respectively. Thus, units A and B are distributed surrounding the coastline 
of Izaki-bana and form basin structure (Fig.11). 
 
2.2.2.3. Fossils and age 
   No macrofossils have been found throughout the Izaki olistolith. Calcareous 
nannofossils occur from the restricted horizon in unit C (Nishiyama, 2012MS). The 
occurrence of the late Oligocene to early Miocene Sphenolithus moriformis and the late 
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Oligocene Reticlofenestra bisectus indicate a late Oligocene age. 
   Trace fossil assemblage occurred from the Izaki olistolith consists of 31 ichnogenera 
(Table 1; Fig. 27; Appendix 1). Graphoglyptids (Seilacher, 1977), which represent 
convex geometric patterns of burrows such as meandering, mesh, net or spiral and are 
generally found on bottom surfaces of sandstone beds, are well observable throughout 
the Izaki olistolith. Especially, they abundantly occur from the upper part of unit B. 
Scolicia is commonly found on the top of sandstone beds. Planolites and P. incertum 
rarely occur in the mudstone. 
 
2. Previous works of ichnodiversity and their problems 
 
   The term “ichnodiversity” simply means the number of ichnogenera or ichnospecies 
(Buatois and Gabriela Mángano, 2013; Knaust et al., 2014). Because trace fossil 
taxonomy is more firmly established at ichnogeneric level than ichnospecific level, the 
number of ichnogenera is commonly used for discussions of ichnodiversity (e.g. Wetzel 
et al., 2007). Ichnodiversity has been used as an important indicator in 
paleoenvironmental reconstructions. For instance, high ichnodiversity in thin-bedded 
turbidite successions is considered as a characteristic that indicates channel margin to 
levee or lobe-fringe environments (Heard and Pickering, 2008; Cummings and Hodgson, 
2011). 
   However, ichnodiversity that simply refer to the number of ichnogenera can be 
affected by exposed area of outcrops (e.g. Orr, 2001). Understandably, ichnodiversity in 
less exposed bedding plane tends to be lower than that in much exposed one. Therefore, 
ichnodiversity should be corrected in exposed area of the bedding plane. One of the 
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most primitive attempts to solve this problem is the “ichnogenera density” (ID) concept: 
𝐸𝐷 = 𝑁𝐴 … (1) 
where ID is ichnogenera density; N is the number of counted ichnogenera; A is the 
exposed area (cm2) observed in a target section, interval or bedding plane. ID represents 
the number of ichnogenera per unit area. For instance, Taniwaki (2011MS) used it to 
compare ichnodiversity among the intervals in the Kayo Formation distributed in the 
northern part of Okinawa. However, the ID bears a problem, which tends to 
overestimate the ichnodiversity of poorly exposed intervals or beds due to its simple 
calculation process. In the cases of the Kayo Formation, the ID in the most poorly 
exposed interval represents the highest value throughout the formation (Taniwaki, 
2011MS). Thus, the ID concept cannot remove the influence of the exposed area. 
   The dependence on exposed area of ichnodiversity can be restated as a problem of 
difference in sample sizes among collections, which are commonly caused in 
discussions of the diversity of body fossil or recent organism assemblages. For example, 
a collection that has a large number of individuals tends to contain a larger number of 
species than that in a small-sized collection. To solve this problem, statistical or 
stochastic methods have been used for the representation of diversity in these study 
fields. Hurlbert’s (1971) E(Sn) is one of the most useful parameters of diversity. He 
proposed the statistical method to represent diversity as expected numbers of species in 
samples of the same number of individuals selected at random in each collection: 
𝐸(S𝑛) = 𝑆 − ∑ C𝑛𝑁−𝑁𝑖C𝑛𝑁 … (2) 
where E(Sn) is the Hurlbert’s (1971) expected number of species; S is the number of all 
species in a collection; N is the number of all individuals in a collection; Ni is the 
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number of individuals in ith species; n is the number of individuals selected at random 
from a collection. By using E(Sn), comparisons between the collections which have 
different numbers of individuals respectively are enabled because the sample sizes 
become equal in each collection. 
   On the other hand, there is another approach representing diversity. As extending the 
sample size of a collection, the observed number of species increases and is finally 
saturated to a certain value (e.g. Gotelli and Colwell, 2001). This certain value can be 
considered as the number of species in the population. Estimations of it are often used 
for comparisons of diversity between the collections of different sample sizes. One of 
the most basic estimation methods is called Chao1 (Chao, 1984): 
𝐸𝑆 = 𝑆𝑜𝑜𝑜 + 𝑓122𝑓2 … (3) 
where ES is estimated number of species in the population; Sobs is the number of 
observed species; f1 is the number of the species observed only one specimen; f2 is the 
number of the species observed only two specimens. 
   These approaches representing diversity are apparently able to be applied to the 
cases of trace fossil studies. However, although these quantifications of diversity require 
the numbers of individuals, it is difficult for some trace fossils to determine a distinct 
individual due to their complicated morphology. For example, individuals of 
Paleodictyon and Megagrapoton cannot be identified because they are planar net or 
mesh structures on or under seafloor (Seilacher, 1977) and hence distinct parts of a 
single system of them can be preserved on the sole of a single sandstone bed. Therefore, 
the diversity quantifications by Hurlbert (1971) or Chao (1984), which are used in 
ecological studies, cannot be simply applied to the trace fossil assemblages containing 
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these common ichnogenera. 
   As mentioned above, ichnodiversity is regarded as one of the important indicators in 
paleoenvironmental reconstructions. However, any calibration methods of the 
dependence on exposed area of outcrops have not been established. Furthermore, 
existing methods of the sample size correction in ecological studies cannot be applied to 
ichnology. These facts strongly suggest that a new method to quantify the ichnodiversity 
is required. The following method is proposed on the basis of the field data and 
stochastic process. 
 
 
4. Materials and Methods 
 
   Numbers of ichnogenera were counted for each bed in the Bandodani Formation and 
the Izaki olistolith. Trace fossils were identified to genus level using Uchman’s (1998) 
taxonomic classification system. For each sandstone bed, exposed areas of the 
unweathered sole of the beds were measured in cm2 scale. In the cases of the Izaki 
olistolith, approximately 217 m2 of soles of sandstone beds were observed, and 24 
ichnogenera occurred from them (Tables 2 - 5). On the other hand, only 14,214 cm2 of 
soles of sandstone beds could be observed in the Bandodani Formation due to poor 
preservation and exposure of unweathered soles of the beds. Phycosiphon and 
Paleophycus occurred from them. 
   Mudstone samples were collected from the mudstone parts of the alternating beds of 
sandstone and mudstone distributed in the study area; 101 samples from the Bandodani 
Formation and 79 samples from the Izaki olistolith (Figs. 3A, 11A). All of these samples 
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are turbidite mudstones. The mudstone samples were well dried for half a day and 
crushed to a fine powder by using an agate mortar. Approximately 1 g of the powdered 
samples were weighed with an electronic balance, and acidified with 1M HCl and 
allowed to stand for a day to remove carbonate. They were well dried on an 
80°C-heated hotplate for at least one day and weighed again to measure the content 
rates of carbonate. After these treatments, 30 mg of each sample were analyzed for total 
organic carbon (TOC) and total nitrogen (TN) contents with a Thermo Fisher Scientific 
element analyzer FLASH 2000 at Mutsu Institute for Oceanography, Japan Agency for 
Marine-Earth Science and Technology (JAMSTEC). 
The content rates of TOC and TN should be corrected to the values before the 
acidification. Carbonates such as CaCO3 chemically react with HCl following reaction 
formula: CaCO3 + 2HCl → CO2 + H2O + CaCl2. … (4) 
Thus, sample weights increase by the production of chlorides after acidification because 
CO2 and H2O are removed during drying. If x mol carbonate were contained in the 
sample, its weight after acidification is: 
𝑧′ = 𝑧 + 𝑥Cl2 − 𝑥CO2 − 𝑥O= 𝑧 + 70.90𝑥 − 44.01𝑥 − 16.00𝑥= 𝑧 + 10.89𝑥… (5) 
where z and z’ are sample weights before and after acidification, respectively. Here, 
10.89x in equation (2) represent increased sample weight by the acidification, hence, 
𝑊inc = 10.89𝑥 
∴ 𝑥 = 𝑊inc10.89 … (6) 
where Winc is measured increment of sample weight by the acidification, thus, 
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𝑧′ = 𝑧 + 𝑊inc. … (7) 
The contents of CO3 can be calculated by following on the basis of equation (3): 
𝑥CO3 = 60.01𝑥= 60.01𝑊inc10.89 . … (8) 
When the TOC contents are measured, some parts of each acidified sample are extracted 
and used for analysis (approximately 30 mg of each sample in this study). Here, 
acidified sample weight for analysis (y’) is: 
𝑦′ = 𝑦′
𝑧′
𝑧′
= 𝑦′
𝑧′
(𝑧 + 𝑊inc) … (9) 
As the corrected sample weight for analysis (y) is a difference between the acidified 
sample weight and increment of sample weight: 
𝑦 = 𝑦′ − 𝑦′
𝑧′
𝑊inc. … (10) 
Thus, corrected data of TOC and TN (TOCcor and TNcor) are following: 
𝑇𝑂𝑇cor(%) = 𝑦′𝑇𝑂𝑇m𝑦 , … (11) 
𝑇𝑁cor(%) = 𝑦′𝑇𝑁m𝑦 … (12) 
where TOCm and TNm represent the measured values of TOC and TN, repectively. 
In addition, C/N ratios, which are considered as an organic source indicator (Meyers, 
1997; Sampei and Matsumoto, 2001), were calculated for each sample. 
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5. Quantification of ichnodiversity 
 
5.1. Method of quantification 
 
   The problems mentioned above proceeded from the difference of exposed areas 
among each bed. Thus, ichnodiversity should be exhibited as the number of ichnotaxa 
per area without any overestimations. Although Hurlbert’s (1971) E(Sn) cannot be 
simply applied to ichnodiversity, however, the concept of him, namely the 
representation of diversity as the expected number of species in same sample sizes 
among each collection, can be used as a reference. Therefore, ichnodiversity should be 
also exhibited as expected numbers of ichnogenera observed in the equivalent area for 
each bed. 
   The expected number of ichnogenera occurred from x cm2 bedding plane is 
determined by the following equation: 
𝐸𝐸(𝑥) = �𝑖𝑝𝑖(𝑥)𝑛
𝑖=1
… (13) 
where EI(x) is the expected number of ichnogenera; x is the area of the bedding plane 
(cm2); n is the number of all ichnogenera occurred from the bedding plane; pi(x) is the 
probability of occurrence of i ichnogenera from the bedding plane. The pi(x) can be 
determined by occurrence probabilities of each ichnogenus. For example, in the cases of 
the bedding plane bearing ichnogenera A, B, and C (therefore, n = 3), the probabilities 
of occurrence are: 
𝑝1(𝑥) = 𝑂𝑂𝐴(𝑥)𝑂𝑂𝐵(𝑥)����������𝑂𝑂𝐶(𝑥)��������� + 𝑂𝑂𝐴(𝑥)���������𝑂𝑂𝐵(𝑥)𝑂𝑂𝐶(𝑥)���������+ 𝑂𝑂𝐴(𝑥)���������𝑂𝑂𝐵(𝑥)����������𝑂𝑂𝐶(𝑥) … (14) 
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𝑝2(𝑥) = 𝑂𝑂𝐴(𝑥)𝑂𝑂𝐵(𝑥)𝑂𝑂𝐶(𝑥)��������� + 𝑂𝑂𝐴(𝑥)𝑂𝑂𝐵(𝑥)����������𝑂𝑂𝐶(𝑥)+ 𝑂𝑂𝐴(𝑥)���������𝑂𝑂𝐵(𝑥)𝑂𝑂𝐶(𝑥) … (15) 
𝑝3(𝑥) = 𝑂𝑂𝐴(𝑥)𝑂𝑂𝐵(𝑥)𝑂𝑂𝐶(𝑥) … (16) 
where 𝑂𝑂𝐴(𝑥)  is the occurrence probability of ichnogenus A; 𝑂𝑂𝐴(𝑥)���������  is the 
probability that ichnogenus A does not occur, therefore, 
𝑂𝑂𝐴(𝑥)��������� = 1 − 𝑂𝑂𝐴(𝑥).  … (17) 
The pi (x) in any i (𝑖 = 1, 2,⋯ ,𝑛) can be calculated in the same way. The EI(x) requires 
each value of p1 (x) to pn (x). 
   The occurrence probabilities of each ichnogenus are derived from the dataset 
composed of the observed areas and occurrences of each ichnogenus (Tables 2 - 5). 
Plots of raw data, area (x) versus occurrence of an ichnogenus (occurrence = 1, 
non-occurrence = 0), don’t show the 𝑂𝑂𝐴(𝑥) due to the lack of the data of the largely 
exposed beds. Therefore, the following resampling process was conducted to estimate 
the OPA(x). First, the area data of each bed are divided into the number equal to the area 
of 1 cm2 pieces. And then, if the bed bears ichnogenus A, one of the pieces is marked as 
an indicator of occurrence of A. For example, in the cases of the bed bearing A and 
observed 150 cm2 of the bedding plane, 149 pieces and 1 occurrence-indicating piece 
are generated. As a result of this process, pieces as many as sum of all area data are 
generated, including the occurrence indicators equal to the number of the ichnogenus 
A-bearing beds. Second, x pieces are extracted from all these pieces at random. If at 
least one occurrence indicator is contained in the extracted x pieces, it is regarded as an 
event which represents the occurrence of ichnogenus A in the observed x cm2 area of the 
bedding plane. Repeating this trial for 1,000 times, the OPA(x) is determined by 
following calculation: 
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𝑂𝑂𝐴(𝑥) = 𝐹𝑜1000 … (18) 
where Fo is the frequency of the occurrence event. For example, when the trial 
extracting 100 pieces was repeated for 1,000 times and 75 times of the occurrence event 
of ichnogenus A were contained, the occurrence probability of A in the 100 cm2 bedding 
plane is: 
𝑂𝑂𝐴(100) = 751000 = 0.075.  … (19) 
To confirm 𝑂𝑂𝐴(100), extraction of x pieces and counting of FOE are repeated for 
1,000 times, and then mean and standard division of 𝑂𝑂𝐴(100) are calculated. Finally, 
repeating this process in a constant interval of area, a plot of area versus occurrence 
probabilities of ichnogenus A is obtained. Any curves to fit to the plot can be considered 
as the function of the exposed area and the occurrence probability. Numerical example 
has been shown in Fig. 28 based on the artificial data shown in Fig. 28A. In this case, 
non-linear, least-square regression was used to fit an exponential function below to the 
plot: 
𝑓(𝑥) = −𝑒−𝑘𝑘 + 1 … (20) 
where k is the constant. The coefficient of determination R2 from this regression model 
is 0.90 (Fig. 28). Incidentally, R, the free statistical software environment 
(https://www.r-project.org/) was used for the resampling process shown above 
(Appendix 2). 
 
5.2. EI indices and their stratigraphic distribution 
 
  Twenty-four hypichnial ichnogenera were observed in the Izaki olistolith (Table 1). 
For each ichnogenus, above method to derive the occurrence probability was examined 
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(Figs. 29 - 40). Equation (20) was used to fit the plots on the basis of non-linear, 
least-square regression. Their coefficient of determination R2 ranged 0.66 to 1.00. 
   On the basis of these occurrence probabilities, expected numbers of ichnogenera in 
each bed were determined (Tables 2 - 5). In this case, 10,000 cm2 were selected for area 
x. The values of EI(10000) in the Izaki olistolith range between 0.00 to 2.461 (Tables 2 - 
5). Stratigraphic changes of EI(10000) in the Izaki olistolith are shown in Figs. 41 - 48. 
The values of EI(10000) tend to be high at the thin- to medium-bedded sandstones (15 – 
50 cm thick) in unit B. In contrast, EI(10000) shows low values in thin-bedded 
sandstones (approximately 10 cm thick), but relatively high in medium-bedded 
sandstones in unit A. 
 
6. Depositional facies and depositional environments of the 
Izumi and the Nichinan Groups 
 
6.1. The Bandodani Formation 
 
6.1.1. Depositional facies of the Bandodani Formation 
 
   Eight depositional facies are recognized in the Bandodani Formation on study area 
on the basis of thickness, grain size and sedimentary structures (Fig. 49). 
 
6.1.1.1. Facies B1a 
   Facies B1a is massive mudstone beds. It is characterized by black or dark gray 
colored, monotonous lithology without any sedimentary structures because of intense 
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bioturbation. The mudstone beds are 1 – 120 cm thick. Calcareous concretions are 
occasionally found in this facies. A heteromorph ammonoid Pravitoceras sigmoidale 
occurs from this facies distributied in the Shimada-jima Island (Fig. 6). A single 
specimen of bivalve Nanonavis brevis is found in this facies on the Takashima Island. 
Trace fossil Phycosiphon incertum are common. Ophiomorpha rudis rarely occurs. 
 
6.1.1.2.. Facies B1b 
   Facies B1b is black to gray colored, parallel-laminated mudstone beds. It is 1 – 40 
cm thick. Characteristics of this facies may correspond to Bouma’s Te (Arnott, 2010). 
Calcareous concretions are occasionally found. Trace fossil Planolites and P. incertum 
commonly occur in this facies. 
 
6.1.1.3. Facies B2a 
   Facies B2a is 1 – 10 cm thick, very fine- to medium-grained sandstone beds. 
Normal grading and parallel laminations are occasionally observable in sandstones. 
These characteristics correspond to Bouma’s Tb (Arnott, 2010). Trace fossil 
Ophiomorpha rudis commonly occurs. 
 
6.1.1.4. Facies B2b 
   Facies B2b is 10 – 50 cm thick, fine- to medium-grained sandstone beds. Normal 
grading, parallel laminations are observable in sandstones. Occasionally, sole marks 
such as flute casts or groove casts are found on the bottom surface of the sandstone beds. 
These characteristics correspond to Bouma’s Ta-b (Arnott, 2010). Trace fossil 
Ophiomorpha rudis is commonly observable on the cross sections of sandstones. In the 
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cases of the western part of the Shimada-jima Island, abundant Archaeozostera occur 
from this facies. 
 
6.1.1.5. Facies B3a 
   Facies B3a is 50 – 100 cm thick, medium- to coarse-grained sandstone beds. These 
sandstone beds are composed of the thin normal graded interval (Bouma’s Ta) at the 
lower part and thick parallel-laminated interval (Tb) at the upper part. Flute casts and 
load casts are observable on the bottom surface of the sandstones. Trace fossil 
Ophiomorpha rudis is common in this facies. Occasionally, Zoophycos occurs on the 
top of sandstones. In the cases of the western part of the Shimada-jima Island, abundant 
Archaeozostera are found on the top or cross section of the sandstones. 
 
6.1.1.6. Facies B3b 
   Facies B3b is 50 – 150 cm thick, medium- to very coarse-grained sandstone beds. 
These are composed of thick massive or normal graded interval (Bouma’s Ta) at the 
lower part and occasional thin parallel-laminated interval (Tb) at the upper part. 
Water-escape structures such as burst-through structure or convolute lamination are 
occasionally observable at the upper part of sandstones. Flute casts and load casts are 
well developed on the bottom of the sandstones. Trace fossil Ophiomorpha rudis is 
common in this facies. In the cases of the western part of the Shimada-jima Island, 
relatively abundant Archaeozostera occur from this facies. 
 
6.1.1.7. Facies B3c 
   Facies B3c is more than 100 cm thick, medium- to very coarse-grained sandstone 
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beds. These are composed of massive or normal graded interval. Sole marks such as 
flute cast, groove cast or load cast are commonly observable. Occasionally, granule- to 
pebble-sized gravels or mud clasts are contained in basal part of the sandstones. 
Characteristics of this facies correspond to Bouma’s Ta (Arnott, 2010). Trace fossil 
Ophiomorpha rudis is common in this facies. 
 
6.1.1.8. Facies B4 
   Facies B4 is pebbly sandstone beds. These are matrix-supported and composed of 
fine- to coarse-grained sand as matrix and abundant granule- to pebble-sized gravels. 
The thickness of the pebbly sandstones ranges 0.5 – 10 m. The matrix sandstone and 
contained gravels are fining upward. No sedimentary structures are observable in the 
matrix sandstone. Occasionally, intensely deformed sandstones and mudstones are 
contained as blocks. No trace fossil occurs from this facies. 
 
6.1.2. Facies associations of the Bandodani Formation 
 
   Two facies associations are identified in the Bandodani Formation distributed in the 
study area. 
 
6.1.2.1. Facies association BA: levee deposit 
   Facies association BA is composed of facies B1a, B1b, B2a, and B2b. It is the 
alternating beds of facies B2a sandstone and facies B1a and B1b mudstone (Fig. 4). In 
some cases, facies B2b sandstone is intercalated in them. Occasionally, small-scaled 
slump involving a few beds are observable (Fig. 4). Such alternating beds consisting of 
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thin- to medium-bedded Tbc turbidites and hemipelagic mudstones associated with 
small scaled slumping are interpreted as a deposit in proximal levee environments 
(Stow et al., 1996; Posamentier and Waker, 2006; Arnott, 2010). 
 
6.1.2.2. Facies association BB: channel-fill deposit 
   Facies association BB is mainly composed of facies B1a, B1b, B3a, B3b and B3c. 
Facies B2b and B4 are occasionally contained. It represents alternating beds of 
thick-bedded (30 – 150 cm) turbidite sandstone (facies B3a-c) and thin-bedded (10 – 20 
cm) mudstone (facies B1a-b). It shows thinning-upward succession, which ranges in 
thickness from 10 m to 40 m (Fig. 4). Facies B3b-c sandstones are dominant in the basal 
part of the succession, whereas, relatively thin-bedded sandstones of facies B3a or B2b 
are common in the upper part. Basal sandstones of the succession commonly consist of 
coarse sediments and have erosive bases. Pebbly sandstones of facies B4 are 
occasionally intercalated. Generally, at most several tens meter thick thinning-upward 
succession in turbidite successions are indicative of filling or lateral migration of 
channels (Stow et al., 1996; Galloway, 1998; Posamentier and Walker, 2006; Arnott, 
2010). Considering these characteristics, the sediments of facies association BB 
represents deposition in a submarine channel. 
 
6.1.3. Depositional environment of the Bandodani Formation 
   The Bandodani Formation in the study area is characterized by the cyclic 
distribution of the levee deposits of facies association BA and the channel-fill deposits 
of facies association BB. Two types of thinning-upward succession are recognized in the 
channel-fill deposits; small-scaled and large-scaled ones. The former is up to 10 m thick 
24 
 
and is associated with erosive bases. The latter is up to 50 m thick and is composed of 
several small-scaled thinning-upward successions (Fig. 8). As mentioned above, 
thinning-upward successions in thick-bedded turbidite successions are indicative of 
filling or lateral migration of channels (Stow et al., 1996; Galloway, 1998; Posamentier 
and Walker, 2006; Arnott, 2010). Characteristics of the deposits showing small-scaled 
tinning-upward successions suggest that they are the fill of small channels which are up 
to 10 m thick. Therefore, the large-scaled thinning-upward successions are considered 
as the composites of the small channels. According to Arnott (2010), the channel 
deposits of poorly confined leveed channels are composed of the fills of myriad smaller 
channels, which are stacked up to form channel units. Taking these into consideration, 
the channel-fill deposits showing two types of thinning-upward successions in the 
Bandodani are interpreted as the fill of poorly confined leveed channels (Arnott, 2010). 
Furthermore, the stacking pattern of the channel unit deposits and levee deposits shows 
that lateral migrations of the channel units recur in short term in the depositional area of 
the Bandodani (Fig. 50). 
 
6.2. The Izaki olistolith 
 
6.2.1. Depositional facies of the Izaki olistolith 
 
   Four depositional facies are recognized in the Izaki olistolith on the basis of 
thickness, grain size and sedimentary structures (Fig. 51). 
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6.2.1.1. Facies I1 
   Facies I1 is parallel-laminated mudstone beds. They are black to dark gray colored, 
1 – 60 cm thick. Characteristics of this facies may correspond to Bouma’s Te (Arnott, 
2010). Although no macrofossil occurs from this facies, trace fossil Planolites and 
Phicosiphon incertum are rarely observable. 
 
6.2.1.2. Facies I2 
   Facies I2 is 1 – 15 cm thick, very fine- to fine-grained sandstone beds. Current 
ripple laminations or parallel laminations are commonly observable in this facies. Upper 
part of the sandstone gradually changes into overlain mudstone. These characteristics 
correspond to Bouma’s Tc-d (Arnott, 2010). Trace fossil Paleophycus and Gordia 
marina rarely occur on the bottom of the sandstones. 
 
6.2.1.3. Facies I3 
   Facies I3 is 15 – 50 cm thick, very fine- to fine-grained sandstone beds. Normal 
grading, parallel laminations, current ripple laminations, climbing ripple laminations, 
and convolute laminations are commonly observed. These characteristics correspond to 
Bouma’s Ta-c (Arnott, 2010). Various genera of graphoglyptids occur on the bottom of 
the sandstones. 
 
6.2.1.4. Facies I4 
   Facies I4 is 50 – 250 cm thick, very fine- to medium-grained sandstone beds. 
Normal grading, parallel laminations, and convolute laminations are commonly 
observed. In the cases of thick-bedded (over 100 cm) sandstones, dish structures are 
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observable at the lower part of the beds. Sole marks such as flute cast or load cast are 
common on the bottom of the beds. Characteristics of this facies correspond to Bouma’s 
Ta-b (Arnott, 2010). The occurrence of trace fossils is rare. 
 
6.2.2. Facies association 
 
   Two facies associations are identified in the Izaki olistolith. 
 
6.2.2.1. Facies association IA: levee deposits 
   Facies association IA is mainly composed of Facies I1, I2, and I3. Facies I4 is 
occasionally contained. It mainly consists of alternating beds of thin-bedded (1 – 20 cm) 
facies I2-3 sandstone and facies I1 mudstone (up to 60 cm thick). The facies I3 
sandstones of this facies association are commonly thin (up to 20 cm) and associated 
with climbing ripple laminations and/or convolute laminations. These characteristics 
correspond to CCC turbidite (Walker, 1985), which is indicative of levee deposits 
(Posamentier and Walker, 2006). In some cases, 1.5 to 2.5 m thick facies I4 sandstones 
are intercalated (Fig. 10). Because facies association IA consists of alternating beds of 
thin-bedded sandstones containing CCC turbidites and parallel-laminated mudstones, it 
represents deposition on a levee environment (Arnott, 2010). 
 
6.2.2.2. Facies association IB: channel-fill deposits 
   Facies association IB is composed of facies I1, I3, and I4. It represents alternating 
beds of thick-bedded (15 – 150 cm) sandstones and thin-bedded (1 – 15 cm) mudstones, 
showing a thinning-upward succession which is 20 m thick (Fig. 10). Facies I4 is 
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dominant in basal part of the succession and has erosive bases and lenticular geometries. 
On the other hand, medium- to thin-bedded sandstones of facies I3 is predominant in the 
upper part. As mentioned above, several tens meter thick thinning-upward successions 
in turbidite successions are indicative of filling or lateral migration of channels (Stow et 
al., 1996; Galloway, 1998; Posamentier and Walker, 2006; Arnott, 2010). In addition, 
facies association IB is intercalated in the levee deposits of facies association IA (Fig. 
12). Taking these facts into consideration, facies association IB represents deposition in 
a submarine channel. 
 
6.2.3. Depositional environment of the Izaki olistolith 
   The Izaki olistolith consists of two intervals of levee deposits (facies association IA; 
unit A and C) and intercalated channel-fill deposits (facies association IB; unit B). The 
basal levee deposits of unit A are mainly composed of the alternating beds of 
thin-bedded turbidite sandstone and parallel-laminated mudstone, occasionally 
associating with intercalated thick-bedded facies I4 turbidite sandstone (Fig. 12). These 
thick sandstones contain water escape structures such as dish structure and convolute 
lamination, which are generally indicative of high sedimentation rate (Posamentier and 
Walker, 2006; Arnott, 2010). In addition, they have erosive bases (abundant flute casts) 
and lenticular geometry (Figs. 10, 12). Their thicknesses (50 – 250 cm) suggest that the 
majority of turbidity currents flowed out of the channel. Considering these 
characteristics, the thick-bedded sandstones in unit A are interpreted as the inertial 
overspill deposits (Arnott, 2010). The southwestward paleocurrent directions 
determined from flute casts on the sole of them indicate that they flowed down from a 
channel bend at the northeast area of the depositional area of the Izaki olistolith (Fig. 
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26). Paleocurrent directions in the channel-fill deposit represent similar directions to 
that in the underlain levee deposits. Therefore, the northeastern channel shifted to 
southwestward, which is the direction the inertial overspills had flowed down. 
Stratigraphic change of the paleocurrent directions in the channel-fill deposit shows 
westward trending upward (Fig. 26). This fact suggests westward channel-bending 
associated with the filling of the channel. As discussed above, the process of deposition 
of the Izaki olistolith can bed described by the following scenario: (1) subaqueous levee 
built upward by deposition of continuous overspills and occasional inertial overspills 
(Arnott, 2010) fed from the channel bend at northeast area (deposition of unit A), (2) 
channel shifted to southwestward, resulting in overlain channel-fill deposits on the levee 
deposits, (3) as filling of the channel, the southwestward directed channel gradually 
bent westward (deposition of unit B), and (4) the channel was filled up and migrated 
laterally and a new levee started to build upward (deposition of unit C; Fig. 52). A 
similar example of the channel and overspill system has been reported in the Upper 
Carboniferous Ross Formation, western Ireland (Lien et al., 2003; Posamentier and 
Walker, 2006). 
 
7. Organic carbon in mudstone 
 
   The values of TOC, TN, and C/N ratio are shown in Tables 6 - 8 and Fig. 53. The 
TOC content in the Bandodani Formation ranged between 0.541 to 1.278 wt. %. The 
TOC mean in the Bandodani was 0.875 wt. % with standard division 0.133. The TN 
content in the Bandodani ranged between 0.029 to 0.098 wt. % and the mean was 0.068 
wt. % with standard division 0.010. The mean of C/N ratio was 13.050 with standard 
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division 2.067. In contrast, the TOC and TN contents in the Izaki olistolith ranged 
between 0.392 to 0.797 wt. % and 0.057 to 0.117 wt. %, respectively. The means of 
TOC and TN were 0.494 (standard division 0.067) and 0.082 (standard division 0.013) 
wt. %, respectively. The mean of C/N ratio was 5.709 with standard division 1.042. 
Therefore, TOC content in the Bandodani tended to higher than that in the Izaki, but TN 
content showed a contrary trend. Because the 95% confidence region of population 
mean of the TOC – TN plot (Fig. 53) and the 95 % confidence intervals of the median 
of C/N ratio box plot (Fig. 54) showed no overlapping, it can be considered that the 
each group of data has significant disparity. 
 
8. Discussion 
 
8.1. Meanings of TOC and TN values 
 
   TOC and TN content in sediments have been considered as a paleoenvironmental 
proxy especially in the investigations of recent deposits (e.g. Sampei and Matsumoto, 
2001; Kumon, 2003; Hyland et al., 2005). The methods of them to reconstruct 
paleoenvironments also seem to be useful for ancient deposits (e.g. Twichell et al., 
2002).  
   It is expected that TOC contents in ancient sediments decrease during diagenesis. 
For instance, there is evidence that suggests the reduction of TOC contents. TOC 
contents in recent to 500 ka core samples of Timor Sea represent a reduction 
approximately by half in 500 kyr assuming a constant primary productivity (Gupta and 
Kawahata, 2006). Gupta and Kawahata (2006) showed a method to correct the values of 
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TOC contents to remove diagenetic influences by using inclination of regression line on 
the age-TOC plot. However, any specific process of degradation of TOC during 
diagenesis was not shown in their study. 
   The most important process of degradation of organic matter is oxidation on the 
surface of the sea floor and in the mixed layer just below it (Stein, 1991; Canfield 1994; 
Meyers, 1997; Burdige, 2007). Canfield (1994) showed degradation curves of TOC 
associated with sediment depth (cm scale) and pointed out that the main degradation 
process of organic matters is decomposition of labile organic matters such as amino 
acids in mixed layer that has a few to tens cm depth. The remaining refractory organic 
matters such as lignin are preserved in sediments blow the mixed layer. The values of 
TOC hardly change below it. Although forms of degradation curves depend on the 
conditions of bioturbation and decomposition rate of labile vs refractory organic matters, 
consequent TOC values reflect the primary input of organic matter onto the sea floor 
(Canfield, 1994; Zonneveld et al., 2010). 
 Thus, it seems that unconverted TOC and TN values in ancient sediments can also 
be used for paleoenvironmental discussions. Actually, some authors treat raw values of 
TOC without any correction to discuss paleoenvironmental conditions, and the 
depositional age in these studies ranges between late Cretaceous to early Quaternary 
(Twichell et al., 2002; Wagner, 2002). 
   There is another solution for this problem; estimation of paleoproductivity from 
TOC contents in sediments. If the paleoproductivities could be calculated, it can be 
comparable values among each sediment sample. This estimation requires many 
parameters; wet bulk density and porosity of sample rock, liner-sedimentation rate and 
water depth at the depositional area (Stein, 1991). However, most of these parameters in 
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this study are not identified. Furthermore, Gupta and Kawahata’s (2006) correction 
mentioned above cannot be applied to this study because age controls are unrevealed. 
   As mentioned above, organic matter degradation process during long-term 
diagenesis is uncertain. In addition, many authors argue that organic matter 
decomposition in sediments is dominated by oxidation or oxygenation at shallow burial 
depth and no subsequent decrement of organic matter at the deeper burial depth are 
recognizable (Canfield, 1994; Meyers, 1997). Taking these into consideration, the raw 
value of TOC and TN contents without any correction related with long-termed 
diagenesis are used for discussions in this study. 
 
8.2. Reconstruction of organic matter condition 
 
   The values of TOC and TN contents revealed differences in the condition of the 
organic matter input among the depositional areas of the Bandodani Formation and the 
Izaki olistolith. The TOC content in the Bandodani is higher than that in the Izaki 
olistolith (Fig. 53). This fact suggests that the larger amount of organic matter was 
supplied into the depositional area of the Bandodani. 
 In addition, the C/N ratios in the Bandodani also show higher values than those in 
the Izaki (Fig. 54). C/N ratio is a proxy that indicates the contribution of terrigenous 
organic matter to the TOC content in the sediments (Meyers, 1997). The mode of 
organic matter input into deep sea consists of two types: the deposition of the primary 
production by plankton and the transportation of particles of land plants by downward 
flow such as turbidity current. Land plants represent higher C/N ratio than plankton 
because they are composed of the organic matters that contain a high amount of carbon, 
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such as cellulose and lignin. Plankton typically has C/N ratios of 4 to 10, whereas land 
plants have those of 20 or greater (Meyers, 1997). As the organic matters in deep sea 
sediments are compositions of them, therefore, relatively high C/N ratios indicate the 
high contribution of terrigenous organic matter inputs (Meyers, 1997; Sampei and 
Matsumoto, 2001; Kumon, 2003). 
The fact that C/N ratios in the Bandodani are higher than those in the Izaki suggests 
that the greater amount of terrigenous organic matters were supplied into the 
depositional area of the former. Consequently, the higher amount of TOC contents 
remained in the deposits of the Bandodani because there was much terrigenous organic 
matter input in addition to the primary productions. In contrast, since the primary 
productions were dominant in the mode of organic matter input, the TOC contents in the 
Izaki olistolith were lower than those of the Bandodani. 
The difference in the contribution of the terrigenous organic matter between the 
Bandodani and the Izaki was considered to result from the depositional settings. The 
sedimentary basin filled with the Bandodani was elongated in an east-west direction, but 
narrow in a north-south direction (Fig. 1; Ichikawa et al., 1979; Yamasaki, 1986). 
Therefore, shallow marine deposits are distributed in the northern area adjacent to the 
distribution area of the Bandodani. Northern marginal part of the Izumi Group is 
interpreted as deposits of shallow marine settings, such as fan-delta system (Tanaka and 
Maejima, 1995). Thus, it is considered that the terrigenous organic matters could be 
easily transported to the depositional area of the Bandodani. Some evidence indicating 
the transportation of terrigenous matters to the Bandodani are recognized. The pebbles 
in the pebbly sandstones intercalated in the channel-fill deposits are rounded, which 
have characteristics similar to those observed in the fluvial systems (Miall, 2010). In 
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addition, trace fossil Schaubcylindrichnus isp. and Cochlichnus isp., which are occurred 
in the shallow marine deposits, are found in some locations (Figs. 7G, H). Their 
restricted occurrences suggest that they were probably transported into the depositional 
area of the Bandodani from the shallower settings by downward flows. It is well known 
that the shallow marine benthos was transported into deep sea and lived there for a short 
time as “doomed pioneer” concept (Föllmi and Grimm, 1990). 
In contrast, the sedimentary basin of the Izaki olistolith is scarcely revealed because 
of the complicated geological structure of the Nichinan Group. However, it is 
considered that the terrigenous area was relatively far away from the depositional area 
of the Izaki olistolith because the sandstones in the Izaki are generally very fine- to 
fine-grained, including no gravel. Therefore, the influences of the terrigenous organic 
matters were low as indicated by C/N ratios. 
Taking these into consideration, the conditions of the organic matter input in each 
area are conceivable as shown in Fig. 55. The organic flux of the primary productions of 
each area had no distinct difference in amount, but a large amount of the terrigenous 
organic matter input was supplied in the depositional area of the Bandodani. Thus, the 
TOC contents in the Bandodani shows higher values than those of the Izaki. 
 
8.3. Stratigraphic changes of organic matter condition in the Bandodani 
Formation 
 
   For each section of the Bandodani Formation, no stratigraphic change is 
recognizable in hundreds meter scale (Figs. 56 - 59). However, the distributions of the 
C/N ratios have a distinct difference especially between the Koike and the Oge-jima 
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Island (Fig. 60). The medians and their 95 % confidence intervals are not overlapped, 
therefore, it can be interpreted that their populations are significantly different. 
Considering that the interval in the Oge-jima Island overlies on that in Koike, the C/N 
ratios in the studied intervals can be regard as decreasing upward. 
   In addition, the paleocurrent directions differ between the sections (Fig. 5). The 
western to northwestern directions are dominated at the coastline of Koike, in contrast, 
flute casts and groove casts indicate southwestward directions in the eastern part of the 
Shimada-jima Island and western part of the Oge-jima Island (Fig. 5). In the 
easternmost part of the Oge-jima Island, which is the uppermost interval of the 
Bandodani Formation in the study area, the paleocurrent directions show the 
northwestward dominance again. 
The synchronousness of the reduction of the C/N ratio and the southwestward 
shifting of the paleocurrent directions may suggest changes in the source of the deposits. 
At the early time of the deposition, the source of the deposits was rich in the terrigenous 
organic matters. As filling of the basin, the paleocurrent directions shifted to the 
southwest and the terrigenous organic matters in the sediments transported by the flows 
were relatively reduced. There is no apparent evidence that implies what the shifting of 
the paleocurrent directions indicates (e.g. bending of channel or change of the position 
of the source). However, the reduction of the C/N ratios associated with the paleocurrent 
shifting shows that the terrigenous organic matters supplied to the basin were 
synchronously decreased. Considering this interpretation, the basin filled with the 
Bandodani changed their conditions at that time. 
According to Ichkawa et al. (1981) and Tanaka (1985), the Izumi basin gradually 
shifted their depocenter to the east. This basin extension is considered to be triggered by 
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the movement of the Median Tectonic Line, associating formation of the westward 
dipped normal faults (Tanaka, 1985). These tectonic events could largely change the 
locational relationship between the depositional area and the source area. The 
synchronousness of the changes in paleocurrent directions and the reduction of the C/N 
ratios may imply the eastward basin extension. 
 
8.4. Influence of TOC contents to trace fossil assemblage 
 
   Relationships between the TOC contents in the mudstones and the expected 
numbers of ichnogenera in 10,000 cm2 of the lower surfaces of the turbidite sandstones 
(EI(10000)) were examined. The TOC contents at the uppermost part of mudstone beds 
were used for this comparison because the organic matters to affect the benthos that 
formed the trace fossils on the lower surfaces of the sandstone beds are considered to 
exist at the boundary of the mudstones and the sandstones. According to Seilacher 
(1977), the producers of graphoglyptids, which are the most common trace fossils on 
the lower surface of the deep sea sandstones, formed geometric burrows on or under the 
sea floor. Subsequently, the sea floor was eroded by the downward flow such as 
turbidity currents, and then some burrows were cast on the bottom of the overlain 
deposits to be preserved as graphoglyptids (Seilacher, 1977; 2007). Graphoglyptids 
dominate the trace fossils on the bottom of the sandstone beds in the Izaki olistolith. 
Taking these into consideration, the TOC contents at the uppermost part of mudstone 
beds should be compared with ichnodiversity on the bottoms of sandstones. 
   The plot of the TOC contents in the mudstones and EI(10000) on the bottom of the 
overlain sandstones are shown in Fig. 61. In the range of the lower values of TOC (< 
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0.55 wt. %), EI(10000) rise as increasing of TOC. In contrast, in the range of higher 
values of TOC (> 0.55 wt. %), EI(10000) rapidly decrease. The highest ichnodiversity is 
recorded around 0.47 to 0.53 wt. % of TOC (Fig. 61). Therefore, responses of 
ichnodiversity to the increment of TOC contents can be regarded as following: (1) in the 
lower range of the TOC, ichnodiversity rises associated with an increment of TOC, (2) it 
achieves to a peak around 0.5 wt. % of TOC, and (3) it rapidly decreases in the range 
over 0.5 wt. % of TOC. 
   Such tendency of the response of diversity is commonly recognized in recent marine 
benthic assemblages. For instance, Pearson and Rosenberg (1978) showed a graphic 
model to describe a generalized pattern of response of benthic communities in relation 
to organic enrichment (P-R model). They argued that the benthic diversity rise as 
increasing organic input in oligotrophic conditions because the foods for benthic 
animals increase. In contrast, it falls in eutrophic conditions owing to the oxygen 
depletion and other stressors (e.g. ammonia, sulfides, or chemical contaminants) 
associated with decomposition of organic matters. Trace fossils are the records of the 
benthic activities. Therefore, ichnodiversity can be regarded as the diversity of the 
benthic animals. Taking these into consideration, the tendency of ichnodiversity changes 
observed in this study can be interpreted as the benthic response to the conditions of the 
sea floor. Thus, the rising trend of ichnodiversity in the lower range of TOC can be 
considered as an enrichment of benthic food contents, and the rapid decline in the range 
over 0.5 wt. % of TOC indicates a deterioration of the sea floor condition due to the 
decomposition of the excessive organic matters (Pearson and Rosenberg, 1978; Hyland 
et al., 2005). 
   Hyland et al. (2005) were examined the TOC critical points of the decline of benthic 
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diversity shown in the P-R model. They obtained the TOC and benthic diversity data 
from 951 stations from 7 coastal regions, and the following curve was fitted to the plot 
of data to determine the TOC critical points: 
𝑓(𝑥) = 𝑎0 + 𝑎11 + 𝑎2𝑒𝑎3𝑘 … (21) 
where x is the values of the TOC contents; a0 to a3 are parameters selected by the 
non-linear, least square regression; particularly 𝑎2 = 𝑒𝑜, where b is constant. They 
interpreted that the 2 critical points were where the changing rate of the inclination of 
the tangential line of the equation (21) represented maximum and minimum. Therefore, 
the second order differential of equation (21) should be calculated: d2d𝑥2 𝑓(𝑥) = 𝑎1𝑎2𝑎32𝑒𝑎3𝑘(𝑎2𝑒𝑎3𝑘 − 1)(1 + 𝑎2𝑒𝑎3𝑘)3 . … (22) 
When the equation (22) reaches maximum and minimum, 
𝑑3
𝑑𝑥3
𝑓(𝑥) = 0. … (23) 
Here, put 𝑢 = 1 + 𝑎2𝑒𝑎3𝑘, equation (22) is: d2d𝑥2 𝑓(𝑥) = 𝑎1𝑎32(𝑢 − 2)(𝑢 − 1)𝑢3= 𝑎1𝑎32(𝑢−1 − 3𝑢−2 + 2𝑢−3). … (24) d𝑢d𝑥 = 𝑎2𝑎3𝑒𝑎3𝑘 = 𝑎3(𝑢 − 1) … (25) 
Thus, put equation (24) as 𝑔(𝑢), 
d3d𝑥3 𝑓(𝑥) = d𝑔(𝑢)d𝑢 d𝑢d𝑥 = 𝑎1𝑎33(−𝑢−2 + 6𝑢−3 − 6𝑢−4)(𝑢 − 1). … (26) 
Because 𝑢 − 1 = 𝑎2𝑒𝑎3𝑘 ≠ 0, equation (23) is: 
−𝑢−2 + 6𝑢−3 − 6𝑢−4 = 0  
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𝑢2 − 6𝑢 + 6
𝑢4
= 0 
𝑢2 − 6𝑢 + 6 = 0  
𝑢 = 6 ± 2√32 = 3 ± √3 1 + 𝑎2𝑒𝑎3𝑘 = 3 ± √3 
𝑒𝑎3𝑘 = 2 ± √3
𝑎2
 
𝑎3𝑥 = ln 2 ± √3𝑎2  
𝑥 = ln�2 ± √3� − ln 𝑎2
𝑎3
. … (27) 
Hyland et al. (2005) estimated the TOC critical points on the basis of above calculations, 
10 and 35 mg g-1 (1.0 and 3.5 wt. %). They interpreted that the oxygen depletion and 
associating chemical contaminants led to rapid decline of benthic diversity when the 
organic matter input reaches to this level. 
After Hyland et al. (2005), the TOC critical points are derived from equation (27). 
The plot of the TOC contents and EI(10000) were fitted to the curve of equation (21). 
Result of the non-linear, least-squares regression, each parameter of equation (21) is 
determined as following: 𝑎0 = 0.03; 𝑎1 = 0.52; 𝑎2 = 1.08 × 10−9;  𝑎3 = 33.76. The 
coefficient of determination R2 is 0.27. Based on equation (27), the TOC critical points 
in this study are 0.572 and 0.650 wt. % (Fig. 61). Comparing to those in Hyland et al. 
(2005), they are relatively low values. This disparity can be considered to be caused by 
the differences of the number of samples and topographic background of sampling 
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regions. Hyland et al. (2005) used 951 samples for this analysis, and the values of TOC 
range lower than 0.01 to over 10.0 wt. %. In contrast, those of 171 samples in this study 
range 0.3 to 1.2 wt. %. Furthermore, the samples they used were mainly collected from 
shallow marine regions, which were 0.5 to 196 m depth. As mentioned above, the 
samples in this study are the deep sea sediments. Generally, the organic carbon contents 
in sediments are higher in shallow marine regions and lower in deep sea due to the 
difference of terrigenous organic matter input (Stein, 1991). Therefore, deep sea benthos, 
which is commonly in low organic matter condition, can be considered to be more 
sensitive to changes in the condition of organic carbon input than shallow marine 
benthos. 
As mentioned above, the numbers of ichnogenera occurred from the Bandodani 
Formation and the Izaki olistolith are 8 and 30, respectively (Table 1). Although these 
trace fossil assemblages contain some shared ichnogenera, ichnogeneric compositions 
of them are distinctly different. The assemblage in the Bandodani has a small number of 
ichnogenera and is dominated by the large-sized feeding, grazing, and dwelling traces 
such as Archaeozostera, Ophiomorpha, and Zoophycos. In contrast, that in the Izaki has 
a large number of ichnogenera and is mainly composed of the small-sized feeding and 
probable farming traces such as Helminthorhaphe and Paleodictyon. Thus, the 
differences between these assemblages are summarized into following two issues: (1) 
the number of ichnogenera, and (2) the size of the individuals and their ethological 
interpretations. Especially, the trace fossil assemblage in the Bandodani is unique 
because it is a lack of the small-sized ichnogenera but dominated in the large-sized ones 
despite its small number of ichnogenera. Trace fossils are records of the behaviors of 
benthic animals, and thus, they are influenced by changes in the environmental 
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conditions of the sea floor. Therefore, the differences between these assemblages 
represent the variations of the sea floor conditions. 
The results of the TOC and TN contents revealed the conditions of organic matter 
input in each depositional area. The C/N ratios indicate that the terrigenous organic 
matters were largely supplied into the depositional area of the Bandodani. Consequently, 
a number of organic matters was larger in the Bandodani than in the Izaki. These 
differences in both quality and quantity of the organic matters could affect to the benthic 
communities. The individual size of a trace fossil is generally regarded as the body size 
of the producer (e.g. Uchman, 2009). Therefore, it can be considered that the benthic 
animals in the seafloor of the Bandodani had the large-sized bodies. The benthic 
communities composed of these large-sized benthic animals require a large amount of 
foods to maintain themselves. However, in the case of the depositional area of the 
Bandodani, abundant terrigenous organic matters were constantly supplied. It can be 
interpreted that the animals availed them as foods. As mentioned above, terrigenous 
organic matters are composed of land plants which are rich in carbon contents. In other 
words, they are highly efficient foods for benthic deposit feeders to ingest if they are 
changed into available conditions. This is considered to be a significant factor to 
maintain large-sized deep-sea benthic communities. 
Abundant organic matters, however, sometimes cause a detrimental condition for the 
marine benthos. For instance, it is well known that anoxic to dysoxic environments are 
caused when the dissolved oxygen in bottom water is consumed in the decomposition of 
the organic matters on the sea floor (Pearson and Rosenberg, 1978; Wetzel, 2010). 
Furthermore, the organic matter decomposition produces the ammonia, sulfides, and 
other chemical contaminants (e.g. Hyland et al., 2005). In the cases of the Bandodani, 
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similar deteriorations of the benthic condition probably occurred in the depositional area. 
Therefore, it is considered that the assemblage dominated in the benthic animals which 
could resist the deteriorations was formed in the Bandodani rather than the diverse 
benthic community. 
In contrast, in the cases of the Izaki, there were a lower amount of organic matter 
input. Thus, the benthic community composed of the large-sized animals like the 
Bandodani, which require abundant benthic food contents, could not be maintained. 
However, the deteriorations of sea floor condition due to the oversupply of the organic 
matter might be hard to be caused. Therefore, it is considered that the diverse 
community could be formed in the depositional area of the Izaki. 
 
9. Conclusions 
 
   A new approach evaluating ichnodiversity was proposed. The number of ichnotaxa, 
which is generally used for evaluation of ichnodiversity, depends on the exposed area of 
observed bedding planes. The attempt of this method is to correct the bias of the 
unevenness of the area between each sample. On the basis of the field data and 
statistical resampling process, ichnodiversity is represented as the expected numbers of 
ichnogenera in a selected value of the area, which was named EI(x). 
   The Upper Cretaceous Bandodani Formation of the Izumi Group distributed in the 
northern part of Tokushima is mainly composed of sandstone-dominated alternations of 
sandstone and mudstone which characterized by the repetition of upward-thinning 
successions. It represents deposition in a poorly confined submarine leveed channel 
system. Trace fossil assemblage composed of 8 ichnogenera dominated in the 
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large-sized specimens. In contrast, the Oligocene Izaki olistolith of the Nichinan Group 
distributed in the southern part of Miyazaki mainly consists of the mudstone-dominated 
alternation of sandstone and mudstone and overlain sandstone-dominated alternation of 
sandstone and mudstone. They can be also interpreted as a submarine leveed channel 
deposits. Small-sized, feeding and farming traces-dominated 30 ichnogenera occurred 
from the Izaki. 
The trace fossil assemblages occurred from each section are distinctly different in 
ichnodiversity and their compositions. To reveal the factors which caused these 
differences, TOC and TN contents in mudstones were examined. The mean value of 
TOC in the Bandodani is higher than that in the Izaki, although the mean value of TN is 
lower in the Bandodani. C/N ratios, which are generally used as an indicator of 
terrigenous contribution to organic matter input, are mostly higher in the Bandodani. 
Therefore, it can be considered that the mode of organic matter input in the Izaki was 
mainly composed of primary production, in contrast, abundant terrigenous organic 
matters were supplied into the depositional area of the Bandodani by downward flows 
such as turbidity currents. Because these abundant organic matters were availed as 
foods for the benthic animals, the large-sized animal-dominated benthic community 
could be maintained in the Bandodani. However, such oversupply of organic matters 
sometimes causes the deteriorations of sea floor condition, for example, depletion of 
dissolved oxygen in the bottom water and/or associating production of chemical 
contaminants. These benthic stressors restrained the formation of diverse benthic 
communities in the Bandodani. In contrast, there were a lower amount of organic 
matters in the depositional area of the Izaki, the deteriorations mentioned above hardly 
occurred. Thus, diverse, small-sized benthos-dominated communities could be formed 
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on the sea floor of the Izaki. 
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Appendixes 
 
Appendix 1. List of ichnotaxa occurred from the Bandodani Fromation and the Izaki 
olistolith. 
 
Bandodani Formation: 8 ichnogenera 8 ichnospecies 
 
Archaeozostera isp. Koriba and Miki, 1937 
Cochlichnus anguineus Hichcock, 1858 
Gordia isp. Emmons, 1844 
Ophiomorpha rudis Książkiewicz, 1977 
Phycosiphon incertum Fischer-Ooster, 1858 
Planolites isp. Nicholson, 1873 
Scolicia prisca de Quatrefages, 1849 
Zoophycos isp. Massalongo, 1855 
 
Izaki olistolith: 31 ichnogenera 36 ichnospecies 
 
Archaeozostera isp. Koriba and Miki, 1937 
Asteriacites lumbricalis Schlotheim, 1820 
Belorhaphe zickzack Heer, 1877 
Bergaueria isp. Prantl, 1945 
Cosmorhaphe parva Seilacher, 1977 
Desmograpton ichthyforme Macosotay, 1967 
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Desmograpton inversum Seilacher, 1977 
Glockerichnus isp. Pickerill, 1982 
Gordia marina Emmons, 1844 
Gordia isp. Emmons, 1844 
Gyrocorte comosa Heer, 1865 
Gyrophylites isp. Glocker, 1841 
Halopoa imbricata Torell, 1870 
Halopoa annulata Książkiewicz, 1977 
Helminthopsis abeli Książkiewicz, 1977 
Helminthorhaphe flexuosa Uchman, 1995 
Helminthorhaphe japonica Tanaka, 1970 
Lorenzinia isp. Gabelli, 1900 
Mammillichnis aggeris Chamberlain, 1971 
Megagrapton irregulare Książkiewicz, 1968 
Nereites missouriensis Weller, 1899 
Paleodictyon minimum Sacco, 1888 
Paleodictyon strozzii Meneghini, 1850 
Paleomeandron biseriale Seilacher, 1977 
Paleophycus isp. Hall, 1847 
Planolites isp. Nicholson, 1873 
Phycodes isp. Richter, 1850 
Phycosiphon incertum Fischer-Ooster, 1858 
Punctorhaphe parallela Seilacher, 1977 
Scolicia prisca de Quatrefages, 1849 
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Spirophycus bicornis Heer, 1877 
Spirorhaphe involuta De Stefani, 1895 
Thalassinoides suevicus Rieth, 1932 
Bloom like trace 
Circular trace 
Radial trace 
 
Appendix 2. Script of the resampling process for determination of occurrence 
probabilities (𝑂𝑂𝐴(𝑥)) for each ichnogenera. R, the free statistical software environment 
(https://www.r-project.org/) is required to run this program. The first argument of the 
function, named “filename”, is the name of data file which recorded whether one target 
ichnogenus occurred or not when arbitrary area was observed. This argument is a 
variable as string. The data files are needed to be CSV files and be composed of area 
data in first column and occurrence data (occurred = 1, not occurred = 0) in second 
column (see also Fig. 32A). The second argument of the function, named 
“resamplingnum”, is the number of times of x pieces-extraction from all of generated 
pieces by the division process. This argument must be an integer. In this study, it was set 
to 1000 for each case. Results of this resampling process are output as CSV files which 
composed of area in first column, occurrence possibilities in second column, and 
standard divisions of occurrence possibilities in third column. 
 
DCMPc <- function(filename, resamplingnum) { 
 
 data1 <- read.csv(filename) 
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 datalength <- length(data1[,1]) 
 
 sumarea <- sum(data1[,1]) 
 sumarea <- ceiling(sumarea) 
 Ichno <- 1:sumarea 
 
 occ <- 0 # number of the bearing beds 
 for(i in 1:datalength) { 
  if (data1[i,2]==1) {occ <- occ + 1}  
 } 
  
 Ichno <- Ichno - Ichno 
 Ichno[1:occ] <- 1 
 
# main process -- 
 
 a <- log10(sumarea) 
 aa <- trunc(a) - 1 
 aaa <- 10^aa 
 aaaa <- sumarea %/% aaa 
 
 n999 <- 0 # .999 counter 
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 pp <- 1:1000 
 
 for(i in 1:aaaa) { 
  
  x <- i * aaa # area 
 
  for(k in 1:1000) { 
   p <- 0 
   for(j in 1:resamplingnum) { 
    y <- sample(Ichno, x, replace=F) 
    if (sum(y)==0) {p <- p + 0}else{p <- p + 1} 
   } 
 
   pp[k] <- p 
  } 
 
  # calculation of mean and sd of pp 
  pm <- mean(pp) 
  pp <- pp / resamplingnum 
  sd1 <- sd(pp) 
 
  # result 
  if (i == 1) { 
   Result <- matrix(c(x,pm,sd1), nrow=3,ncol=1) 
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  }else{ 
   Result <- cbind(Result, c(x,pm,sd1)) 
  } 
 
  if (pm >= 0.999*resamplingnum) { 
   n999 <- n999 + 1 
   # If pm marked 0.999 or greater 3 times, break the roop. 
   if (n999 >= 3) {break} 
  } 
 
 } 
 
 Result[2,] <- Result[2,] / resamplingnum 
 
# result description 
 plot(Result[1,],Result[2,]) 
 lines(Result[1,],Result[2,]) 
 arrows(Result[1,], Result[2,]-Result[3,], Result[1,], Result[2,]+Result[3,], angle=90, 
length=0.05, code = 3) # error bars 
 title(filename) 
 
# output 
 
 out1 <- paste0("[Result]DCMPc_", filename) 
58 
 
 write.csv(t(Result), out1, row.names=F) 
 
}  
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Fig. 21. Columnar section of the Izaki olistolith in locality N1. 
Fig. 22. Columnar section of the Izaki olistolith in locality N2. 
Fig. 23. Columnar section of the Izaki olistolith in locality N3. 
Fig. 24. Columnar section of the Izaki olistolith in locality N4. 
Fig. 25. Columnar section of the Izaki olistolith in locality N5. 
Fig. 26. Stratigraphic change of paleocurrent directions in the Izaki olistolith. 
Fig. 27. Photographs of representative trace fossils in the Izaki olistolith. 
Fig. 28. Artificial dataset for test of resampling process and its result. 
Fig. 29. Results of the resampling process of Asteriacites and Belorhaphe. 
Fig. 30. Results of the resampling process of Bergaueria and Cosmorhaphe. 
Fig. 31. Results of the resampling process of Desmograpton and Glockerichnus. 
Fig. 32. Results of the resampling process of Gordia and Halopoa. 
Fig. 33. Results of the resampling process of Helminthorhaphe and Lorenzinia. 
Fig. 34. Results of the resampling process of Mammillichnis and Megagrapton. 
Fig. 35. Results of the resampling process of Nereites and Paleodictyon. 
Fig. 36. Results of the resampling process of Paleomeandron and Palephycus. 
Fig. 37. Results of the resampling process of Phycodes and Phycosiphon. 
Fig. 38. Results of the resampling process of Punctorhaphe and Spirophycus. 
Fig. 39. Results of the resampling process of Spirorhaphe and Bloom like trace. 
Fig. 40. Results of the resampling process of Circular trace and Radial trace. 
Fig. 41. Stratigraphic change of EI(10000) values in locality S1. 
Fig. 42. Stratigraphic change of EI(10000) values in locality S2. 
Fig. 43. Stratigraphic change of EI(10000) values in locality S3. 
Fig. 44. Stratigraphic change of EI(10000) values in locality S4. 
61 
 
Fig. 45. Stratigraphic change of EI(10000) values in locality S5. 
Fig. 46. Stratigraphic change of EI(10000) values in locality S6. 
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Table 1. List of ichnogenera occurred from study area. 
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Table 2. Occurrence of each ichnogenus from the sandstone beds in locality S1, S2, and 
S3. 
Table 3. Occurrence of each ichnogenus from the sandstone beds in locality S4, S5, and 
S6. 
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Fig. 1. Maps showing the study area. (A) Index map showing the distribution areas of 
the Upper Cretaceous Izumi Group on Shikoku Island and Kii Peninsula. MTL: Median 
Tectonic Line. Modified after Kikuchi and Kotake (2013). (B) Geological map of the 
Izumi Group in the easternmost part of Shikoku and the southern part of Awaji-shima 
Island. Modified after Morozumi (1985) and Yamasaki (1986). 
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Fig. 4. Representative outcrop photographs of the Bandodani Formation. (A) Sandstone 
dominated alternating beds of sandstone and mudstone showing a thinning-upward 
succession, at the coastline of Aboshi-jima. (B) Mudstone-dominated alternating beds of 
sandstone and mudstone cropping out at Horikoshi. 
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Fig. 5. Paleocurrent directions of the Bandodani Formation on the study area 
determined from flute casts and groove casts on the sole of turbidite sandstone beds. 
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Fig. 6. Photograph of Pravitoceras sigmoidale in the Bandodani Formation at Koike. 
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Fig. 7. Photographs of representative trace fossils occurred from the Bandodani 
Formation. (A) Archaeozostera on the bedding planes of the sandstone block at Koike. 
(B) Cross sectional view of Archaezostera at Koike. (C) Ophiomorpha rudis on the sole 
of sandstone bed at Koike. (D) Cross sectional view of early stage of Zoophycos on the 
sandstone block at Horikoshi. (E) Zoophycos on the bedding plane of the sandstone bed 
at Horikoshi. (F) Scolicia isp. on the sole of the sandstone bed at Aboshi-jima. (G) 
Cross sectional view of Schaubcylindrichnus isp. on the sandstone bed at Magosaki. (H) 
Cochlichnus isp. on the bedding plane at Omoizaki. 
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Fig. 10. Representative outcrop photographs of the Izaki olistolith.
(A) Mudstone-dominated alternating beds of sandstone and mudstone of unit A.
(B) Sandstone-dominated alternating beds of sandstone and mudstone of unit B. 
(C) Intensely deformed mudstone-dominated alternating beds of sandstone and
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Sampling horizons for organic matter analysis are shown by numbers and arrows. 
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Fig. 15. Columnar section of the Izaki olistolith in locality S3 shown in Fig. 11A.  
Sampling horizons for organic matter analysis are shown by numbers and arrows. 
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Fig. 16. Columnar section of the Izaki olistolith in locality S3’ shown in Fig. 11A. 
Sampling horizons for organic matter analysis are shown by numbers and arrows. 
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Fig. 17. Columnar section of the Izaki olistolith in locality S4 shown in Fig. 11A.  
Sampling horizons for organic matter analysis are shown by numbers and arrows. 
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Fig. 18. Columnar section of the Izaki olistolith in locality S5 shown in Fig. 11A. 
Sampling horizons for organic matter analysis are shown by numbers and arrows. 
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Fig. 19. Columnar section of the Izaki olistolith in locality S6 shown in Fig. 11A. 
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Fig. 20. Columnar section of the Izaki olistolith in locality S7 shown in Fig. 11A. 
Sampling horizons for organic matter analysis are shown by numbers and arrows. 
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Fig. 21. Columnar section of the Izaki olistolith in locality N1 shown in Fig. 11A. 
Sampling horizons for organic matter analysis are shown by numbers and arrows. 
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Fig. 22. Columnar section of the Izaki olistolith in locality N2 shown in Fig. 11A. 
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Fig. 23. Columnar section of the Izaki olistolith in locality N3 shown in Fig. 11A. 
Sampling horizons for organic matter analysis are shown by numbers and arrows. 
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Fig. 24. Columnar section of the Izaki olistolith in locality N4 shown in Fig. 11A. 
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Fig. 25. Columnar section of the Izaki olistolith in locality N5 shown in Fig. 11A. 
Sampling horizons for organic matter analysis are shown by numbers and arrows. 
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Fig. 26. Stratigraphic changes of 
paleocurrent directions determined 
from flute casts on the sole of 
turbidite sandstone beds, S1M7, 
S1M21, S1M27, S1S1, and S1S3.
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Fig. 27. Photographs of representative trace fossils occurred from the Izaki olistolith. 
All these trace fossils were observed on the sole of turbidite sandstone beds. Scale bars 
represent 2 cm. (A) Composited occurrence of Asteriacites lumbricalis (As) and 
Spirorhaphe involuta (Sp). (B) Cosmorhaphe parva. (C) Gordia marina. (D) 
Helminthorhape flexuosa. (E) Paleodictyon strozii (Ps) and P. minimum (Pm). (F) 
Paleomeandron isp. (G) Punctorhaphe parallera. (F) Spirophycus biornis. 
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Fig. 28. Dataset for test of resampling process that were artificially generated and its 
result. (A) Primary dataset for the test composed of the area and occurrence data of a 
virtual ichnogenus. (B) Result of the resampling process based on the data shown in A. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. 
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Fig. 29. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Asteriacites. (B) Belorhaphe. 
0
0.5
1
0 200000 400000 600000 800000 1000000 1200000
0
0.5
1
0 200000 400000 600000 800000 1000000 1200000
A
B
Asteriacites
Belorhaphe
O
cc
ur
re
nc
e 
pr
ob
ab
ili
ty
Area (cm2)
O
cc
ur
re
nc
e 
pr
ob
ab
ili
ty
R2 = 0.88
k = 6.11 × 10-6
R2 = 0.86
k = 3.42 × 10-6
91
Fig. 30. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Bergauaria . (B) Cosmorhaphe. 
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Fig. 31. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Desmograpton. (B) Glockerichnus. 
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Fig. 32. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Gordia.  (B)  Halopoa.
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Fig. 33. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Helminthorhaphe. (B)  Lorenzinia.
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Fig. 34. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Mammillichnus. (B) Megagrapton.
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Fig. 35. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Nereites. (B) Paleodictyon.
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Fig. 36. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Paleomeandron.(B) Paleophycus.
0
0.5
1
0 200000 400000 600000 800000 1000000 1200000
0
0.5
1
0 200000 400000 600000 800000 1000000 1200000
A
B
Paleomeandron
Paleophycus
O
cc
ur
re
nc
e 
pr
ob
ab
ili
ty
Area (cm2)
O
cc
ur
re
nc
e 
pr
ob
ab
ili
ty
R2 = 0.66
k = 1.49 × 10-6
R2 = 1.00
k = 4.70 × 10-5
98
00.5
1
0 200000 400000 600000 800000 1000000 1200000
0
0.5
1
0 200000 400000 600000 800000 1000000 1200000
A
B
Phycodes
Phycosiphon
O
cc
ur
re
nc
e 
pr
ob
ab
ili
ty
Area (cm2)
O
cc
ur
re
nc
e 
pr
ob
ab
ili
ty
R2 = 0.86
k = 3.45 × 10-6
R2 = 1.00
k = 8.72 × 10-5
Fig. 37. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Phycodes. (B) Phycosiphon.
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Fig. 38. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Punctorhaphe. (B) Spirophycus.
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Fig. 39. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Spirorhaphe. (B) Bloom like trace.
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Fig. 40. Results of the resampling process based on the data of two ichnogenera. 
Non-linear, least-squares regression was used to fit a following function to the original 
data: f(x) = -e-kx + 1. Constant k and coefficient of determination R2 are shown. (A) 
Circular trace. (B) Radial trace.
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Fig. 41. Stratigraphic change of EI(10000) values in locality S1. 
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Fig. 42. Stratigraphic change of EI(10000) values in locality S2. 
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Fig. 43. Stratigraphic change of EI(10000) values in locality S3. 
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Fig. 44. Stratigraphic change of EI(10000) values in locality S4. 
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Fig. 45. Stratigraphic change of EI(10000) values in locality S5. 
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Fig. 46. Stratigraphic change of EI(10000) values in locality S6. 
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Fig. 47. Stratigraphic change of 
EI(10000) values in locality S7. 
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Fig. 48. Stratigraphic change of EI(10000) values in locality N3. 
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Fig. 49. Eight depositional facies identified in the Bandodani Formation in the study area.
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Fig. 50. Interpretation of two different scaled thinning-upward sequences in the 
Bandodani Formation. (A) Filling and minor lateral migrations of channels, which form 
channel unit. (B) Lateral shifting of the depocenter of the channel unit. The channel unit 
deposits are overlain by levee deposits. (C) Further lateral shifting of the depocenter. 
Triangles on the schematic columnar sections represent thinning-upward sequences. 
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Fig. 51. Four depositional facies identified in the Izaki olistolith. 
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Fig. 52. Schematic diagrams of the stratigraphic change of the depositional environment 
of the Izaki olistolith. (A - C) Deposition of unit A. The levee deposits of unit A consist 
of continuous overspill (A) and inertial overspill deposits. (D) Deposition of unit B. 
Channels was shifted to the depositional area of the Bandodani. 
114
0.000
0.020
0.040
0.060
0.080
0.100
0.120
0.140
0.000 0.200 0.400 0.600 0.800 1.000 1.200 1.400
Izaki olistolith
Bandodani Fm .
TOC (wt. %)
TN
 (w
t. 
%
)
Fig. 53. Scatter plot of TOC and TN contents of the Bandodani Formation (green) and 
the Izaki olistolith (red). The 95 % confidence regions of population (solid lines) and 
distribution (dash lines) based on the Hotelling’s T-square distribution are shown in 
corresponding colors for each section. 
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Fig. 54. Box plots of the C/N ratios in the Bandodani Formation (green) and the Izaki 
olistolith (red).  Bold lines , notches in each box represent median and its 95 % 
confidence intervals, respectively. Left and right ends of boxes represent first and third 
quartiles. Whiskers represent the minimums and maximums in the intervals of 1.75 
times of box length. Plots in outside of whiskers are outliers. 
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A: Bandodani Formation
B: Izaki olistolith
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Submarine fan
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Fig. 55. Schematic diagrams showing the conditions of organic matter input in the 
Bandodani Formation (A) and the Izaki olistolith (B) estimated by TOC and TN 
contents and C/N ratios. The organic matters of primary production were constantly 
supplied in both of sections (green arrows). However, abundant terrigenous organic 
matters were transported by down flows such as turbidity current in the Bandodani 
Formation (bold orange arrow in A). 
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Fig. 56. Stratigraphic changes of TOC and TN contents and C/N ratio
in the Bandodani Formation at Koike. Stratigraphic section, sampling
horizons, and values of TOC, TN, C/N ratio are shown.
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Fault
Fig. 57. Stratigraphic changes
of TOC and TN contents and 
C/N ratio in the Bandodani 
Formation at Horikoshi. 
Stratigraphic section, sampling 
horizons, and values of TOC, 
TN, C/N ratio are shown.
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Fig. 58. Stratigraphic changes of TOC and TN contents and C/N ratio in the Bandodani 
Formation at Magosaki. Stratigraphic section, sampling horizons, and values of TOC, 
TN, C/N ratio are shown. 
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Fig. 59. Stratigraphic changes of TOC and TN contents and C/N ratio in 
the Bandodani Formation at Aboshi-jima. Stratigraphic section, sampling 
horizons, and values of TOC, TN, C/N ratio are shown.
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AB
Fig. 60. Box plots of the C/N ratios of each section in the Bandodani Formation. (A) 
Comparison between Koike (green) and Oge-jima (orange). (B) Comparison between 
Koike and each section in Oge-jima Island; Horikoshi, Magosaki, and Aboshi-jima. See 
Fig. 55 for legend. 
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Fig. 61. Scatter plot of EI(10000) values in relation to increasing TOC contents in 
mudstones (wt. %). Non-linear, least-squares regression was used to fit following 
function to the original data: 𝑓(𝑥) = 𝑎0 + 𝑎1/(1 + 𝑎2𝑒𝑎3𝑥). Major inflection points 
along the curve, which were calculated by determining maximum and minimum of the 
second derivations of fitted function, are shown as two dash lines (0.572 and 0.650 
wt. %). 
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Bandodani Fm.
8 ichnogenera
Izaki olistolith
30 ichnogenera
Ichnogenera
Archaeozostera, Cochlichnus, Gordia, Ophiomorpha, Phycosiphon,
Planolites, Scolicia, Zoophycos
Archaeozostera, Asteriacites, Belorhaphe, Bergaueria, Cosmorhaphe,
Desmograpton, Glockerichnus, Gordia, Gyrochorte, Gyrophyllites,
Halopoa, Helmithorhaphe, Lorenzinia, Mammillichnis, Megagrapton,
Nereites, Paleodictyon, Paleomeandron, Paleophycus, Planolites,
Phycodes, Phycosiphon, Punctorhaphe, Scolicia, Spirophycus,
Spirorhaphe, Thalassinoides, Bloom like trace, Circular trace, Radial trace
Formations
Table 1. List of trace fossils occurred from the Bandodani Formation and the Izaki 
olistolith. Fm.: Formation. 
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S 1M18 1150 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 1M21 225620 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 1M22 5767 - - + - - - + - - - - + + - - - - - - - - - - - 4 0.962
S 1M23 1295 - - - - - - - - - - - + - - - + - - - - - - - - 2 0.436
S 1M24 610 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 1M25 2081 - - - - - - - - - - - - - - - + - - - - - - - - 1 0.369
S 1M25.4 360 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 1M26 1596 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 1M27 19504 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 1S 1 184000 - - - - - - + - - - - - - - - + - + - - - - - - 3 1.505
S 1S 8 6970 - - - - - - + - - - + - - - - - - - - - - - - - 2 0.621
S 1S 11 3894 - - + - - - + - - - - - - - - - - - - - - - - - 2 0.727
S 1S 12 11274 - - - - - - + - - - + - - - - + - - - - - - - - 3 0.990
S 1S 18 855 - - - - - - + - - - - - - - - - - - - - - - + - 2 0.595
S 1S 19 513 - - - - - - + - - - - - + - - - - - - - - - - - 2 0.737
S 1S 20 22168 - - + - - - + - + + - - - - - - - - - - - - - - 4 1.058
S 1S 21 4907 - - - - - - + - - - - - - - - + - + + - - - - - 4 1.563
S 1S 29 2112 - - - - - - + - - - - - - - - - - + - - - - - - 2 1.136
S 1S 30 2135 - - - - - - - - - - - - - - - + - + + - - - - - 3 0.993
S 1S 32 1710 - - - - - - + - + - - - - + - - - + - - - - - - 4 1.710
S 1S 33 91 - - + - - - + - - - - - - - - - - + - - - - - - 3 1.292
S 1S 34 641 - - - - - - + - - - - - - - - - - - - - - + - - 2 0.629
S 1S 35 6760 - + + - - - + - - - + - - + - - - - - - - - - - 5 1.088
S 2-14 1751 - + + - - - + - + - - - - + - + - - - + - - - - 7 1.727
S 2-21 18323 - - - + - - + - + - - - - + - - - - - - - - - - 4 1.211
S 2-22 27071 - - - - - - + - + - - - - + - + - - - - - - - - 4 1.513
S 2-24 3877 - - + - - - + - - - - - - - - + - - - - - - - - 3 1.096
S 2-25 392 - - - - - - + - + - - - - - - - - - - - - - - - 2 0.868
S 2-28 4958 - - - - - - + - + - - - - + - + - - - - + - - - 5 1.552
S 2-30 8788 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 2-32 11013 - - + - + - + - - - - + - - - - - - - - + - - - 5 0.876
S 3-8 232 - - - - - + + - - - - - - - - - - - - - - - - - 2 0.585
S 3-13 4100 - - - - - - + - + - - - - - - - - - - - - - - - 2 0.868
S 3-14 3883 - - - - - - + + - - - - - - - + - - - - - - - - 3 0.964
S 3-16 1360 - + - - - - + - + - - - - - - - - - - - - - - - 3 0.901
S 3-19 1897 - - - - - - - - + - - - - - - + - - + - - + - - 4 0.783
S 3-21 840 - - - - - - - - - - - - - + - + - + - - - - - - 3 1.211
S 3-23 8667 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 3-25 12967 - - + - - - + + - - - + - - - + - - - - + - - - 6 1.227
S 3-26 233 - - - - - - + - + - - - - - - - - - - - - - - - 2 0.868
S 3-28 1800 - - - - - - + - + - - - - - - - - - - - - - - - 2 0.868
S 3-29 2947 - - - + - - + - - - - - - - - + - - - - - - - - 3 1.006
S 3-30 3692 - - - - - - + - - - - - - + - - - + - - - - - - 3 1.413
S 3-32 16103 - - - - - - + - + - - - + + - + - + - - - - - + 7 2.321
S 3-34 2865 - - - - - - - - - - - - - - - + - - - - - - - - 1 0.369
S 3-35 5789 - - + - - - + - + - - - - - - - - - - - - - - - 3 1.024
S 3-37 3518 - - - - - - + - - - - - - - - - - - + - - - - - 2 0.629
S 3-38 13060 - - - + + - + - - - - + + - - + - + - - - - - + 8 1.925
S 3-39 5362 - - - - - - + - - - - - - + - + - + - - - - - - 4 1.781
S 3-40 11538 - - - - - - + - - - - - - + - + - + - - - - - - 4 1.781
S 3-41 2177 - - - - - - + - + - - - - - - - - + - - - - - - 3 1.433
S 3-43 1440 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 3-44 632 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 3-45 3333 - - - - - - + - + - - - + + - - - + - - - - - - 5 1.877
S 3-46 3512 - - + + - - + - + - - - - + - + - + - - - - - - 7 2.302
S 3-47 401 - - - - - - - - - - - - - - - + - + - - - - - - 2 0.934
S 3-48 10777 - - + - - - - - + - - - + + - + - + - - - - - + 7 1.907
S 3-51 3765 - - - - - - + - + - - - + - - + - + - - - - - - 5 1.969
S 3-52 417 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 3-55 1368 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 3-56 6016 - - - - - - + - + - - - - - - + - + - - - - - - 4 1.802
Table 2. Occurrence of each ichnogenus from the beds in locality S1, S2, and S3 in the 
Izaki olistolith. Bed names, observed areas (cm2), numbers of ichnogenera, and 
EI(10000) values are also shown. +: occurrence, -: non-occurrence. 
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S 4-6 5540 - - - - - - - - - - - - + - - - - + - - - - - - 2 0.732
S 4-7 490.5 - - - - - - - - - - + - + - - + - - - - - - - - 3 0.586
S 4-8 1741 - - - - - - + - - - - - + - - - - - - - - - - - 2 0.737
S 4-9 3562 - - - - - - - - + - - - - + - + - + + - - - - - 5 1.566
S 4-10 1915 - - - - - - + - - - - - - - - - - + - - - - - - 2 1.136
S 4-11 2211 - - - - - - + - - - - - - - - + - + - - - - - - 3 1.505
S 4-13 633 - - - - - - - - - - - - - - - + - - - - - - - - 1 0.369
S 4-14 1335 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 4-15 6009 - - + - - - + - - - - - - - - - - - - - - - - - 2 0.727
S 4-16 393 - - - - - - + - - - - - - - - + - + - - - - - - 3 1.505
S 4-17 3137 - - - - - - + - + + - - - + - + - + - - - - - - 6 2.112
S 4-18 2673 + - - - - - + - - - - - - + - - - + - - - - - - 4 1.472
S 4-20 258 - - - - - - - - - - - - + - - - - - - - - - - - 1 0.167
S 4-21 561 - - - - - - + - - - - - - - - + - - - - - - - - 2 0.939
S 4-22 6568 - - - - - - - - + - - - + - - - - + - - - - - - 3 1.030
S 4-23 6560 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 4-24 34250 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 5-9 730 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 5-12 2217 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 5-15 11925 - - + - - - + - + - - + - + - + - + - + - + - + 10 2.461
S 5-16 689 - - - - - - - - - - - - + - - + - - - - - - - - 2 0.536
S 5-18 863 - - - - - - - - - - - - - + - - - - - - - - - - 1 0.276
S 5-22 1022 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 5-23 6123 - - - - - - - - - - - - - - - + - - - - - - - - 1 0.369
S 5-24 10588 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 5-36 40000 - - - - - - + - - - - - - - - - - + - - - - - - 2 1.136
S 6-4 9500 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 6-5 11400 - - - - - - - - - - - + - - - + - + - - - - - - 3 1.002
S 6-8 1996 - - - - - - - - - - - - - - - + - - - - - - - - 1 0.369
S 6-9 5480 - - - - - - - - - - - - + - - - - - - - - - - - 1 0.167
S 6-12 1200 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
Table 3. Occurrence of each ichnogenus from the beds in locality S4, S5, and S6 in the 
Izaki olistolith. Bed names, observed areas (cm2), numbers of ichnogenera, and 
EI(10000) values are also shown. +: occurrence, -: non-occurrence. 
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S 7-5 6235 - - - - + - + - - - - - - - - + - + - - - - - - 4 1.547
S 7-6 7870 - - + - - - - - - - - - - - - + - + - - - - - - 3 1.091
S 7-9 745 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-11 1018 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-13 4567 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-14 790 - - - - - - - - - - - - - - + + - - - - - - - - 2 0.381
S 7-16 1800 - - - - - - + - - - - - - - - - - + - - - - - - 2 1.136
S 7-17 4067 - - - - - - - - - - - - - - - + - + - - - - - - 2 0.934
S 7-19 700 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 7-20 1187 - - - - - - - - - - - - - + - - - + - - - - - - 2 0.842
S 7-21 764 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 7-24 340 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-25 616 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-26 6150 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-28 3120 - - - - - - + - - - - - - - - - - + - - - - - - 2 1.136
S 7-29 7127 - - - - - - + - - - - - - + - + - + - - - - - - 4 1.781
S 7-30 956 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-31 2780 - - - - - - + - + - - - + + - - - + - - - - - + 6 1.953
S 7-32 4390 + - - - - - + - - - - - - + - - - + - - - - - - 4 1.472
S 7-33 1321 + - - - - - - - - - - - - + - - - + - - - + - - 4 0.960
S 7-34 3365 - - - + - - + - + - - - - - - - - + - - - + - - 5 1.559
S 7-35 1929 - - - - - - - - - - - - - + - + - + - - - - - - 3 1.211
S 7-37 3550 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-38 640 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-39 10090 - - + - - - + - - - - - - - - - - + - - + - - - 4 1.332
S 7-40 1253 - - - - - - + - - - - - - - - - - + - - - - - - 2 1.136
S 7-42 1563 - - + - - - - - + - - - - + - - - + - - - - - - 4 1.296
S 7-43 2618 - - - - - - - - - - - - + - - - - + - - - - - + 3 0.808
S 7-44 3720 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 7-46 20945 + - - - - - + - + - - - - + - + - + - - - - - - 6 2.138
S 7-48 529 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
S 7-50 1800 - - - - - - + - - - - - + - - - + + - - - - - - 4 1.337
S 7-51 4445 - - - - - - - - + - - - - + - + - + - - - - - + 5 1.584
S 7-52 1003 + - - - - - - - + - - - - - - - - + - - - - - - 3 0.922
S 7-53 6300 - - - + - - - - - - - - - + - - - + - - - - + - 4 0.934
S 7-54 2873 - - - - - - - - - - - - + - - - - + - - - - - - 2 0.732
S 7-55 2390 - - + - - - - - - - - - - - - - - + - - - - - - 2 0.722
S 7-56 762 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-57 535 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-58 1380 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-59 1430 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-60 356 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-61 2290 - - - - - - + - + - + - - + - - - + + - - - - - 6 1.819
S 7-63 3640 - - - - - - + - + - - - - + - + - + - - - - - - 5 2.078
S 7-65 1200 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-67 1062 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-68 1170 - - - - - - - - + - - - - - - - - + - - - - - - 2 0.863
S 7-69 750 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
S 7-70 4036 + - - - - - - - + - - - - - - - - + - - - + - - 4 0.981
Table 4. Occurrence of each ichnogenus from the beds in locality S7 in the Izaki 
olistolith. Bed names, observed areas (cm2), numbers of ichnogenera, and EI(10000) 
values are also shown. +: occurrence, -: non-occurrence. 
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N3-8 1681 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
N3-10 3430 - - - - - - + - - - - - + - - - - + - - - - - - 3 1.303
N3-14 225 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
N3-19 5220 - - - - - - - - - - - - + - - - - + - - - - - - 2 0.732
N3-20 8212 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
N3-21 18000 - - - - - - + - - - - - - - - - - - - - - - - - 1 0.571
N3-23 3430 - - - + - - + - + - - - - + - - - + - - - - - - 5 1.777
N3-24 14000 - - - - + - + - + + - - - + - + - + - - - - - + 8 2.230
N3-25 238 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
N3-27 688 - - - - - - - - - - - - - - - - + + - - - - - - 2 0.599
N3-28 531 - - - - - - - - - - - - - - - + - + - - - - - - 2 0.934
N3-31 5767 - - - - - - + - - - - - - - - + + - - - - - - - 3 0.973
N3-32 1228 - - - - - - + - - - - - - - - - - + - - - - - - 2 1.136
N3-34 2613 - - - - - - + - + - - - - + - - - + - - - - - - 4 1.710
N3-46 1035 - - - - - - - - + - - - - - - - - + - - - - - - 2 0.863
N3-47 2274 - - - - - - - - + - - - - + - + - + - - - - - - 4 1.508
N3-48 1255 - - - - - - - - - - - - - - - - - + - - - - - - 1 0.566
Table 5. Occurrence of each ichnogenus from the beds in locality N3 in the Izaki 
olistolith. Bed names, observed areas (cm2), numbers of ichnogenera, and EI(10000) 
values are also shown. +: occurrence, -: non-occurrence. 
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Table 7. Result of the measurement of TN and TOC contents in the Bandodani 
Formation at Koike. Sample names, C/N ratios, corresponding numbers of ichnogenera 
and EI(10000) values are also shown. 
Sample name TN (wt. %) TOC (wt. %) C / N
Number of
ichnogenera EI
(10000)
KIK101 0.066 0.981 14.871 0 0.000
KIK102 0.062 0.856 13.791 0 0.000
KIK103 0.068 0.962 14.255 0 0.000
KIK104 0.066 1.041 15.673 0 0.000
KIK105 0.059 0.916 15.583 0 0.000
KIK106 0.067 0.830 12.390 0 0.000
KIK107 0.057 0.728 12.845 0 0.000
KIK108 0.069 0.920 13.352 0 0.000
KIK109 0.061 1.140 18.592 0 0.000
KIK110 0.060 0.882 14.815 0 0.000
KIK111 0.065 0.999 15.299 0 0.000
KIK112 0.066 1.076 16.194 0 0.000
KIK113 0.056 0.927 16.645 0 0.000
KIK114 0.054 0.858 15.826 0 0.000
KIK115 0.064 1.000 15.728 0 0.000
KIK116 0.060 0.903 14.981 0 0.000
KIK201L 0.072 1.057 14.598 0 0.000
KIK201M 0.062 0.877 14.132 0 0.000
KIK201U 0.072 1.084 14.992 0 0.000
KIK202L 0.064 0.990 15.563 0 0.000
KIK202U 0.064 0.947 14.918 0 0.000
KIK203 0.058 0.813 13.903 0 0.000
KIK301 0.068 0.975 14.396 0 0.000
KIK302 0.065 0.926 14.320 0 0.000
KIK303 0.068 0.914 13.521 0 0.000
KIK304 0.062 0.978 15.720 0 0.000
KIK305 0.051 0.601 11.741 0 0.000
KIK306 0.062 0.794 12.782 0 0.000
KIK307 0.071 0.941 13.197 0 0.000
KIK308 0.061 0.938 15.357 0 0.000
KIK309 0.073 1.163 16.037 0 0.000
KIK310 0.077 1.278 16.490 0 0.000
KIK311 0.057 0.684 12.100 0 0.000
KIK312 0.061 0.821 13.370 0 0.000
KIK313 0.054 0.736 13.676 0 0.000
KIK314 0.065 1.003 15.427 0 0.000
KIK315 0.070 0.980 13.939 0 0.000
KIK501 0.060 0.736 12.295 0 0.000
KIK502 0.063 0.892 14.073 0 0.000
KIK503 0.063 0.907 14.484 0 0.000
KIK504 0.065 0.875 13.502 0 0.000
KIK505 0.071 1.088 15.369 0 0.000
KIK506 0.066 0.997 15.212 0 0.000
KIK701 0.060 0.752 12.631 0 0.000
KIK702 0.066 0.767 11.630 0 0.000
KIK703 0.060 0.715 12.005 0 0.000
KIK704 0.051 0.541 10.693 0 0.000
KIK705 0.068 0.952 14.099 0 0.000
KIK706 0.064 0.846 13.141 0 0.000
KIK707 0.065 0.820 12.650 0 0.000
KIK708L 0.071 0.889 12.547 0 0.000
KIK708U 0.062 0.730 11.849 0 0.000
KIK709 0.058 0.758 12.976 0 0.000
KIK710 0.072 0.982 13.676 0 0.000
KIK711 0.059 0.773 13.157 1 0.369
KIK712 0.066 0.866 13.147 0 0.000
KIK713 0.066 0.891 13.551 0 0.000
KIK714 0.067 0.923 13.799 0 0.000
KIK715 0.063 0.832 13.177 0 0.000
KIK716 0.0700 0.935 13.357 0 0.000
KIK717L 0.0756 0.970 12.834 1 0.369
KIK717U 0.0702 0.965 13.753 1 0.369
KIK801 0.0636 0.689 10.832 0 0.000
KIK802 0.0570 0.718 12.601 0 0.000
KIK803 0.0691 0.769 11.118 0 0.000
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Table 8. Result of the measurement of TN and TOC contents in the Bandodani 
Formation at each section of Oge-jima Island. Sample names, C/N ratios, corresponding 
numbers of ichnogenera and EI(10000) values are also shown. MGS: Magosaki, HRK: 
Horikoshi, ABS: Aboshi-jima. 
Sample name TN (wt. %) TOC (wt. %) C / N
Number of
ichnogenera EI
(10000)
MGS01 0.067 0.796 11.928 0 0.000
MGS02 0.075 1.084 14.407 0 0.000
MGS03 0.072 0.969 13.450 0 0.000
MGS04 0.065 0.757 11.686 0 0.000
MGS05 0.071 1.065 15.083 0 0.000
MGS06 0.070 0.803 11.462 0 0.000
MGS07 0.063 0.559 8.880 0 0.000
MGS08 0.061 0.708 11.681 0 0.000
HRK01 0.072 0.873 12.105 0 0.000
HRK02 0.068 0.885 13.021 0 0.000
HRK03 0.076 0.889 11.716 0 0.000
HRK04 0.076 0.899 11.868 0 0.000
HRK05 0.075 1.013 13.594 0 0.000
HRK06 0.068 0.835 12.254 0 0.000
HRK07 0.087 1.097 12.660 0 0.000
HRK08 0.078 0.986 12.613 0 0.000
HRK09 0.081 0.897 11.035 0 0.000
HRK10 0.098 0.912 9.295 0 0.000
HRK11 0.095 0.869 9.183 0 0.000
HRK12 0.095 0.860 9.031 0 0.000
HRK13 0.077 0.856 11.065 0 0.000
HRK14 0.083 0.888 10.668 0 0.000
HRK15 0.072 0.756 10.464 0 0.000
ABS01 0.082 0.753 9.223 0 0.000
ABS02 0.075 0.655 8.716 0 0.000
ABS03 0.061 0.677 11.134 0 0.000
ABS04 0.071 0.785 11.015 0 0.000
ABS05L 0.083 0.905 10.841 0 0.000
ABS08 0.075 0.834 11.057 0 0.000
ABS09 0.090 0.934 10.329 0 0.000
ABS10L 0.080 0.776 9.690 0 0.000
ABS10U 0.029 0.554 18.870 0 0.000
ABS11L 0.071 0.749 10.492 0 0.000
ABS11U 0.070 0.756 10.770 0 0.000
ABS12L 0.076 0.845 11.130 0 0.000
ABS12U 0.079 0.823 10.433 0 0.000
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